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Abstract 
In the recent past, spider silk has drawn significant attention from researchers mainly 

due to its distinguished mechanical strength, elasticity, biocompatibility and 

biodegradability. Technological advancements in genetic engineering have resulted in 

methods for creation of partial spider silk proteins. The main objective of this thesis has 

been to functionalize a partial spider silk protein, 4RepCT, with different affinity and 

bioactive domains via genetic engineering. Furthermore, the applicability of materials 

based on functionalized/bioactivated partial spider silk proteins for in vitro disease 

diagnosis and tissue engineering applications has been investigated. 

In Paper I, four affinity domains of different sizes and folds were genetically 

attached to 4RepCT. All four silk fusion proteins could self-assemble to silk-like fibers. 

The retained ability of each added affinity domain to bind its respective target while in 

silk format was also verified. A construct where a monomeric streptavidin domain was 

genetically fused to 4RepCT was used to allow non-covalent presentation of 

biotinylated growth factors. Such materials have potential for applications where 

capture of growth factors could be advantageous, for example in vitro cell culture 

studies. 

In Paper II, as a proof-of-concept, two recombinant antibody fragments (scFvs), 

previously shown to contribute to the candidate protein signature for diagnosing 

Systemic Lupus Erythematosus (SLE), were covalently attached to either ends of two 

types of partial spider silk proteins, 4RepCT and NTCT. All of the generated silk 

fusion proteins were shown able to self-assemble into fibres as well as defined spots in 

an array. Significantly higher target detection signal was reported from scFv-silk fusion 

proteins when compared to the same added amount of scFvs alone in micro- and 

nanoarrays. Thus, scFv-silk fusion proteins can be used as capture probes in the 

generation of sensitive diagnostic immunoassays for effective disease diagnosis. 

In Paper III, bioactivation of 4RepCT with a pleiotropic growth factor, basic 

fibroblast growth factor (bFGF) was investigated. The generated silk-bFGF fusion 

protein retained the propensity to self-assemble into surface coatings and silk-like 

fibers. Maintained functionality of the silk-bFGF coating to bind FGFR receptor 

was confirmed using surface plasmon resonance studies. Moreover, with the aim to 

create an artificial ECM, silk-bFGF protein was combined with FN-silk, an 

engineered spider silk protein previously reported to support cell adhesion. 

Retained bioactivity of the bFGF was confirmed by culture of primary human 

endothelial cells on combined silk coatings and within combined silk fibers, even 

when cultured in medium containing low serum and no supplemented soluble 

growth factors. These findings highlight the use of combined silk coatings for in 

vitro cell culture, and combined silk fibers as a potential scaffold for tissue 

engineering applications. 

In Paper IV, the possibility to genetically fuse two affibody-based VEGFR2 binders, 

Zdimer and Ztetramer, to 4RepCT was investigated. Maintained activity of added engineered 



ii 

affibodies was confirmed by receptor phosphorylation and cell proliferation studies. 

Furthermore, the possibility to create vessel-like structures within a FN-silk based cell 

scaffold containing Ztetramer-silk fibrils was reported. These findings highlight the future 

potential of herein developed silk based cell scaffolds in regenerative medicine. 

Keywords: affinity domains, artificial ECM, basic fibroblast growth factor, 

functionalization, mammalian cell culture, micro-and nano arrays, partial spider silk, 

single chain variable fragments. 
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Abstract in Swedish 
Under senare tid har silke ifrån spindlar fått stor uppmärksamhet från forskare, främst 

på grund av sin mekaniska styrka, elasticitet, biokompatibilitet och biologisk 

nedbrytbarhet. Tekniska framsteg inom genteknik har resulterat i metoder för att 

designa konstgjorda spindelsilkesproteiner. Huvudsyftet med denna avhandling har 

varit att funktionalisera det designade spindelsilkesproteinet, 4RepCT, med olika 

affinitets- och bioaktiva domäner med hjälp av genteknik. Vidare har användbarheten 

av material baserade på dessa funktionaliserade/bioaktiverade spindelsilkesproteiner för 

in vitro-sjukdomsdiagnostik och vävnadstekniska tillämpningar undersökts. 

I artikel I, har fyra affinitetsdomäner av olika storlekar och veckning genetiskt 

kopplas ihop med 4RepCT. Alla fyra silkesfusionsproteiner kunde bilda silkesliknande 

fibrer. Den behållna förmågan hos varje tillförd affinitetsdomän för att binda dess 

respektive målmolekyl i silkesformatet verifierades också. En konstruktion där en 

monomer streptavidindomän var genetiskt kopplad till 4RepCT användes för att tillåta 

icke-kovalent presentation av biotinylerade tillväxtfaktorer. Sådana material har 

potential för tillämpningar där infångning av tillväxtfaktorer kan vara fördelaktig, 

exempelvis i in vitro-cellodlingsstudier.  

I aritkel II, användes två rekombinanta antikroppsfragment (scFvs), som tidigare 

visat sig bidra till proteinsignaturen för diagnostisering av systemisk lupus 

erytematosus (SLE), kovalent bundna till ändarna av två typer av designade 

spindelsilkesproteiner, 4RepCT och NTCT. Alla de genererade 

silkesfusionsproteinerna visade sig kunna bilda i fibrer såväl som definierade 

proteinspottar i en array. Signifikant högre måldetekteringssignal rapporterades från 

scFv-silkesfusionsproteinerna jämfört med samma tillsatta mängd av ensamma scFvs i 

mikro- och nanoarrayer. ScFv-silkesfusionsproteiner skulle därfor kunna användas som 

infångningsprober för generering av känsliga immunoanalyser för effektiv 

sjukdomsdiagnos.  

I artikel III, undersöktes bioaktivering av 4RepCT med en pleiotrop tillväxtfaktor, 

fibroblasttillväxtfaktorn, bFGF. Det genererade silke-bFGF-fusionsproteinet behöll 

benägenheten att bilda ytbeläggningar och silkesliknande fibrer. Bibehållen 

funktionalitet hos silk-bFGF för att binda FGFR-receptor bekräftades med användning 

av ytplasmonresonansstudier. I syfte att skapa en artificiell extracellular matrix, 

kombinerades silke-bFGF-proteinet med FN-silke, ett designat spindelsilkesprotein 

som tidigare visat sig främja celladhesion. Bibehållen bioaktivitet hos bFGF 

bekräftades genom odling av primära humana endotelceller på bade silkecoating och 

silkefibrer av silk-bFGF, även när de odlades i medium innehållande låg serumhalt och 

utan tillsats av lösliga tillväxtfaktorer. Dessa resultat visar på potentialen för 

användning inom in vitro-cellodling och resultat visar på potentialen för silkesfibrer 

som en byggnadsställning för tillämpningar inom tissue engineering. 

I artikel IV, undersöktes möjligheten att genetiskt sammankoppla två 

affibodybaserade VEGFR2- bindare, Zdimer och Ztetramer, till 4RepCT. Bibehållen 

aktivitet av de kopplade affibody-molekylerna bekräftades genom receptorfosforylering 

och cellproliferationsstudier. Dessutom rapporterades möjligheten att skapa 
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kärlliknande strukturer inuti ett FN-silkesbaserat cell-scaffold innehållande Ztetramer-

silkesfibriller. Dessa resultat lyfter fram den framtida potentialen hos de utvecklade 

silkesbaserade materialen för regenerativ medicin. 
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1 Introduction 

The capability to generate silk, a natural protein fiber, has been developed by 

spiders, several arthropods and 23 groups of insects (Walker et al., 2012; 

Sutherland et al., 2010; Altman et al., 2003). Due to the remarkable mechanical 

and elastic properties of the silk derived from spiders, combined with its 

biocompatibility, spider silk has been exploited for biomaterial and biomedical 

applications (Borkner et al., 2014; Bittencourt et al., 2012; Widhe et al., 2012; 

Omenetto & Kaplan, 2010). However, additional functionalization is needed 

for generation of more advanced materials, which otherwise does not exist in 

nature. Processing of silk from cocoons produced by silkworms require harsh 

processing steps involving for example degumming in alkali solution followed 

by solubilization in organic solvents like hexafluoroisopropanol, which restrict 

their use in applications where additional functionalization is needed 

(Rockwood et al., 2011). The work described in this thesis is mainly based on 

the silk derived from spiders, thus information regarding other kinds of silk is 

not described, but can be found elsewhere (Kasoju & Bora, 2012; Sutherland et 

al., 2010). 

1.1 Natural spider silk 

In nature, orb weaving spiders can make seven different silks, which have 

different physical properties for different functions (Rising et al., 2011). Out of 

the seven types of spider silks, dragline silk that is produced in the major 

ampullate gland of spider has intensely been studied by researchers for its 

incredible mechanical properties (Borkner et al., 2014; An et al., 2012; 

Bittencourt et al., 2012). Spiders use dragline silk as a lifeline to hang safely 

from their webs, and also to make frames of their webs. A movie scene 
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performed by superhero from Spider-Man 2, released in 2004, where a subway 

train is stopped by his webbing is not far from the reality. Researchers from 

University of Leicester, UK are in the process to fabricate synthetic spider silk 

fibers with extraordinary toughness (Bourzac, 2015). 

Spider dragline silk is composed of two high molecular weight proteins 

(Ayoub et al., 2007; Bini et al., 2006), namely Major ampullate spidroin 1 and 

2 (MaSp1 and MaSp2, respectively) (Humenik et al., 2011). The schematics of 

spider major ampullate silk is illustrated in Figure 1. The dragline silk spidroins 

produced by various species of spiders share a common tripartite protein 

architecture (Humenik et al., 2011). They are composed of a non-repetitive N-

terminal domain, a repetitive region mainly containing poly-alanine segments 

interspersed between glycine rich repeats, and a non-repetitive C-terminal 

domain (Ayoub et al., 2007). The repetitive region, which is composed of 

different amino acid segments, was reported to account for the amazing 

physical properties of the dragline silk (Rising et al., 2011).  Naturally, spiders 

produce silk protein in liquid form (dope) and store it at high concentrations 

(50% w/v) within specialized silk glands (Chen et al., 2002). Upon changes in 

the ion composition, pH, dehydration (Walker et al., 2012), and shear forces 

occurring along the duct (Dicko et al., 2004; Knight & Vollrath, 2001); stored 

silk solution will emerge out as silk fibers, which are rich in β-sheets (Gosline 

et al., 1999; Simmons et al., 1996). The intermolecular interactions occurring 

between the poly-alanine segments and glycine rich repeats in the repeat region 

(Rising et al., 2011), combined with the N-terminal (Askarieh et al., 2010) and 

C-terminal domain (Hagn et al., 2010) of the spidroins were reported to 

regulate the process of silk fiber formation. 

The dragline silk of Euprosthenops is stronger than that from other species 

of spiders like Nephila, Araneus and Latrodectus (Stark et al., 2007; 

Pouchkina-Stantcheva & McQueen-Mason, 2004). Advantages and limitations 

in production of natural and engineered dragline silks are addressed in a later 

section. 
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Figure 1. Schematics of the repetitive region of spider major ampullate (MA) silk. The silk 

fiber is composed of crystalline rich regions covalently joined by noncrystalline regions. 

Strength and elasticity are provided by the crystalline and noncrystalline regions, 

respectively. Inspired from (Romer & Scheibel, 2008). 

1.2 Overview of recombinant spider silk 

1.2.1 Recombinant production of partial spider silk in bacteria 

The predatory behavior of spiders together with the insufficient amounts of silk 

produced by spiders, have restricted the option to perform sericulture of spiders 

and hence opted for recombinant production of spider silk proteins (Guhrs et 

al., 2000). Recombinant production is defined as the expression of a foreign 

gene in a production host, for example bacteria (Tokareva et al., 2013). Due to 

the well characterized genome and low costs involved in production, 

Escherichia coli (E.coli) is often considered as a suitable option for large scale 

protein production. 

Due to the repetitive nature and large size of natural spider silk genes in 

general, issues like premature translational stops, low protein yield and 

homologous recombination to host genome, can be of concern when expressed 

in the bacteria (Arcidiacono et al., 1998). For this reason, partial spider silk 

sequences are preferred for production of artificial spider silk proteins in 

bacteria (Tokareva et al., 2013; Stark et al., 2007; Prince et al., 1995). With 

recent progress in the field of genetic engineering together with the modular 
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nature of spider silk, different partial spider silk proteins derived from different 

species of spiders have been produced in various hosts including yeast, 

bacteria, insects, plants and mammalian cells with varying success (Tokareva 

et al., 2013; Rising et al., 2011). Some of the partial spider silks which were 

cloned and expressed in bacteria include repeat segments derived from MaSp1 

and MaSp2 of Nephila clavipes with (Prince et al., 1995) or without (Mello et 

al., 2004) inclusion of a native C-terminal domain. Another example of partial 

spider silk is 4RepCT, composed of four poly-alanine/glycine rich co-segments 

together with a C-terminal domain derived from MaSp1 of Euprosthenops 

australis (E. australis) (Stark et al., 2007). Likewise, another partial spider silk 

variant, NTCT was herein generated by combining native N-terminal and C-

terminal domains derived from E. australis. The study presented in this thesis 

is based on these two partial spider silk variants, 4RepCT and NTCT. 

The major steps involved in the recombinant production of partial spider 

silk proteins in bacteria are (Figure 2): (i) Isolation of full length spider silk 

cDNA from spider, (ii) Selection of cDNA that codes for partial spider silk 

protein, (iii) restriction cleavage of target vector, (iv) ligation of partial spider 

silk cDNA to the cleaved target vector, (v) transformation of generated 

recombinant DNA (rDNA) into bacteria, (vi) expression of rDNA in the 

bacteria, (vii) harvesting and purification of  the partial spider silk proteins 

from the bacteria, mainly using affinity purification (Stark et al., 2007; Prince 

et al., 1995). All the steps are represented in Figure 2. 

 
Figure 2. Illustration of recombinant production of partial spider silk proteins in bacteria. 

(i) Isolation of full length cDNA libraries from spider, (ii) selection of cDNA libraries that 
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codes for partial spider silk, (iii) cleavage of target vector, (iv) ligation of selected cDNA of 

partial spider silk into cleaved target vector, (v) transformation of rDNA to bacteria, (vi) 

Recombinant protein expression in bacteria, (vii) purification of partial spider silk protein 

1.2.2 Processing of partial spider silk proteins to various formats 

The success of recombinant production in bacteria has enabled a convenient 

way to produce partial spider silk proteins under denaturing (Humenik et al., 

2011) and non-denaturing conditions (Stark et al., 2007). Moreover, the 

produced partial spider silk proteins have an advantage of being possible to 

process into unnatural silk morphologies like, foam, film and mesh formats 

with (Hardy & Scheibel, 2009) or without (Widhe et al., 2010) being subjected 

to post-treatment with organic solvents for β-sheet enrichment. Partial spider 

silk variants which are produced under non-denaturing conditions without any 

requirement of organic solvents during material fabrication might have better 

opportunities for modification with a wide range of biologically active 

molecules, e.g. affinity and bioactive domains. 

1.2.3 Modification of partial spider silk proteins 

Chemical or genetic modification of partial spider silk proteins will broaden the 

applicability window of silk based materials (Wohlrab et al., 2012; Spieß et al., 

2010). Chemical modification can be achieved by the use of established 

procedures that permit efficient and site-specific modifications of proteins 

(Hackenberger & Schwarzer, 2008). However, certain coupling chemicals used 

for modification of silk materials might cause side-effects that are detrimental 

to cells when used for tissue engineering applications (Wohlrab et al., 2012). In 

those cases, genetic modification of partial spider silk proteins could be used as 

a more beneficial alternative. The possibility to genetically modify partial 

spider silk has been shown by the addition of cell binding motifs using genetic 

engineering method with convincing results in cell culture studies (Widhe et 

al., 2016; Widhe et al., 2013; Wohlrab et al., 2012). 

1.3 Different ways to immobilize proteins onto solid 
supports 

Methods which rely on the binding of target molecules to complementary 

“bait” molecules depend on the immobilization of those bait molecules to a 

solid support. This section describes different ways to immobilize proteins, 

which constitute one important group of such bait molecules. For example, 
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antibodies are immobilized to solid support for their use in affinity purification 

and immunoassays. 

Immobilization of proteins on solid surfaces is of great importance in the 

production of protein based arrays and biosensor related applications. The 

challenging task is to immobilize the proteins in such way that their 

functionality and orientation are maintained, and also to remain their 

conformation unaltered after immobilization (Oshige et al., 2013). 

Furthermore, restricting the interaction between the immobilized antibodies 

and the solid surface might help to achieve an appreciable portion of antibodies 

that retain their native confirmation. 

Addressing the above challenges can allow for the successful use of 

immobilized proteins for their intended applications. The chemical and 

structural complexity of proteins have created difficulties in determining a 

general strategy for immobilization of proteins (Saerens et al., 2008). Different 

ways to immobilize proteins on various surfaces have been reported, namely 1) 

non-covalent physical adsorption, 2) covalent coupling via free amines or thiol 

groups and 3) non-covalent protein linkage via affinity interactions (e.g. 

His6/Ni-NTA) (Oshige et al., 2013; Kimple et al., 2010). In all cases, physical 

and chemical properties of the surface and also other factors like temperature 

and pH have been shown to affect the surface immobilization of the proteins 

(Oshige et al., 2013).  

Non-specific physical adsorption is a quick way to immobilize protein 

molecules, but this often leads to protein denaturation (Butler et al., 1993). In 

order to prevent the denaturation of immobilized proteins, they can be spotted 

onto solid surfaces, which have been pre-coated with e.g. polyacrylamide gels 

or polyethylene glycol. The hydrophilic environment provided by 

polyacrylamide gels was reported to protect against shear deactivation of 

immobilized proteins (Pollak et al., 1980). In the covalent coupling method, 

reactive functional groups present in the protein molecules (e.g., amines, thiols) 

are crosslinked onto the solid support modified with complementary reactive 

groups, thus ensuring protein immobilization (Oshige et al., 2013; Camarero, 

2008). However, the immobilization methods described above does often not 

result in well oriented protein molecules, which is necessary for efficient 

binding of their target molecules (Oshige et al., 2013; Camarero, 2008). The 

orientation of immobilized protein molecules can be improved by use of a non-

covalent protein immobilization via affinity. For example, proteins carrying 

histidine tags can be immobilized onto solid surface with Ni-NTA (Nickel-
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Nitrilotriacetic acid). However, non-covalent means of immobilization is 

limited by the lack of long-term stability of the immobilized proteins 

(Camarero, 2008). 

1.4 Affinity domains 

One important class of proteins that is beneficial to have immobilized onto 

surfaces for certain applications e.g. in vitro diagnosis, are affinity domains. 

1.4.1 Domains derived from bacterial surface receptors 

In the recent past, exploiting the host defense mechanisms developed by 

bacteria for their use in the field of biotechnology has gained considerable 

attention (Diamandis & Christopoulos, 1991). Bacterial strains of the 

Staphylococci, Streptococci and Streptomyces genera express certain proteins 

in order to evade the host immune system (Sauer-Eriksson et al., 1995; 

Diamandis & Christopoulos, 1991). Out of the several IgG-binding bacterial 

proteins that were identified, staphylococcal protein A (SPA) and streptococcal 

protein G (SPG) are extensively studied for their use in the purification of 

antibodies (Boström et al., 2012). 

SPA contains five homologous IgG-binding domains. The Z domain (7 

kDa) (Figure 3), which folds into a three-helix bundle, is an engineered protein 

domain derived from the IgG-binding B-domain of SPA (58 kDa) (Boström et 

al., 2012; Nilsson et al., 1987). SPG has a multi domain structure containing 

both albumin-binding domains and immunoglobulin-binding domains (Kraulis 

et al., 1996). The C2 domain (6 kDa) (Figure 3), which folds into four β-sheets 

and α-helix structure is derived from the Fc binding domain B1 of SPG (Sauer-

Eriksson et al., 1995). Both Z and C2 domains can be used for the purification 

of antibodies or target proteins fused to the Fc domain. SPA and SPG exhibit 

different specificities to IgG obtained from different species (Boström et al., 

2012). Likewise, the domains derived from SPA and SPG could possibly 

exhibit species specific IgG binding. 

The ABD domain is an engineered protein domain derived from albumin-

binding domain 3 of SPG (63 kDa) (Figure 3). Domain ABD (5 kDa) has 

affinity towards human serum albumin and folds into a three-helix bundle 

(Nilvebrant & Hober, 2013; Kraulis et al., 1996). 



 

 

8 
 

 

 
Figure 3. Ribbon structure representations of the Z domain (a) (PDB file: 2SPZ (Tashiro et 

al., 1997)), the C2 domain (b) (PDB file: 1FCC (Sauer-Eriksson et al., 1995)) and the ABD 

domain (c) (PDB file:1GJT (Johansson et al., 2002)). 

1.4.2 Domain derived from streptavidin 

Streptavidin is a protein produced by Streptomyces avidinii, which has affinity 

towards biotin and biotinylated ligands (Diamandis & Christopoulos, 1991). 

The extremely high affinity (fM range) between biotin and streptavidin 

(Diamandis & Christopoulos, 1991) complicate the release of biotinylated 

ligands (Rybak et al., 2004). This resulted in the generation of monomeric 

streptavidin (M4) (Wu & Wong, 2005), which exhibit a lower binding affinity 

than streptavidin, in order to expand the applicability of biotin/streptavidin 

system for several biotechnological applications. M4 is a 16.5 kDa monomeric 

version of streptavidin, which has affinity to biotin molecules and folds into a 

β-sheet barrel structure (Wu & Wong, 2005). 

1.4.3 Domains derived from antibodies 

Naturally, antibodies are produced by B-cells in order to protect against foreign 

substances. As represented in Figure 4, antibodies are composed of two heavy 

and two light chains joined together by disulfide bonds. There are three 

constant domains and one variable domain in the heavy chains, while there is 

one constant domain and one variable domain in the light chains (Figure 4). 

The epitope recognition site of an antibody is in the variable heavy (VH) and 

variable light (VL) domains. Due to excellent target specificity and affinity, 

antibodies are considered as paradigm for cell biology and biochemistry 

applications (Gebauer & Skerra, 2009). However, structural complexity and 

laborious procedures involved in the production of full-length antibodies have 

led to creation of recombinant antibody fragments such as scFv and Fab 

(Gebauer & Skerra, 2009) (Figure 4). Considerable loss of biological activity 

has been observed upon immobilization of antibodies onto solid supports, 

which affects the sensitivity of the antibody based immunoassays, for example. 

Furthermore, the presence of the Fc part of the antibody can result in unwanted 
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cell reactivity upon binding to the effector cells containing Fc receptors 

(Holliger & Hudson, 2005). 

Generation of antibody mimics was considered as a breakthrough in the 

field of antibody engineering. Monovalent Fabs (55 kDa) are generated from 

full-length antibodies subjected to papain cleavage (Porter, 1959), whereas, 

single-chain variable fragment, scFv (28 kDa), one of the most popular formats 

of antibody derivatives, is generated by the fusion of variable domains of the 

heavy and light chain (VH and VL) joined by a flexible linker. Generated Fab 

and scFv fragments are smaller in size when compared to the antibodies 

(Figure 4) and can be expressed in E. coli with retained antigen binding affinity 

of the intact IgG (Bird et al., 1988). Due to the smaller size of scFv and due to 

less efficient folding and assembly of Fab fragments in E. coli (Hust et al., 

2007), scFv is considered as a suitable affinity ligand for different applications, 

immunoassays for example. The biomolecular properties, like stability, can be 

enhanced by engineering scFvs (Worn & Pluckthun, 2001). 

 

 
Figure 4. Illustration of an antibody and domains derived from an antibody. 

1.5 Diverse applications of functionalized partial spider silk 

Development of functionalized partial spider silk for diverse applications is an 

actively growing field of research. Partial spider silk proteins, which can be 

produced using recombinant DNA technology, can be subjected to genetic 

modifications by incorporation of peptides, recognition motifs or functional 

domains (Borkner et al., 2014). In the recent past, cell binding peptides have 

successfully been incorporated to different engineered spider silk proteins, 

thereby suggesting the applicability of such functional silk materials for in vitro 

cell culture studies (Widhe et al., 2013; Wohlrab et al., 2012). Furthermore, 
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silver binding peptides (Currie et al., 2011) and antimicrobial peptides (Gomes 

et al., 2011) were genetically incorporated to partial spider silk and the added 

peptides were reported to retain their functionalities, thus highlighting the use 

of silk-silver and silk-antimicrobial materials for biomedical applications. 

Likewise, uranium recognition motifs were genetically fused to a partial spider 

silk protein derived from N. clavapies, and then the uranium binding ability of 

the chimeric silk-uranyl proteins were confirmed. This highlights the 

applicability of such functional silk fusion proteins as biosensor capture probe 

for environmental monitoring applications (Krishnaji & Kaplan, 2013).  

Affinity domains are complex and larger in size when compared to the 

peptides or recognition motifs. Therefore, exploring the possibility to 

incorporate affinity domains to partial spider silk might increase the 

applicability of functional silk based materials for other applications, for 

example immunoassays, advanced biosensor and cell culture applications. 

1.6 Overview of protein microarrays 

The fundamental principle of microarray assays was first described by Roger 

Ekins in 1980 (Ekins, 1989). The protein microarray is a versatile system that 

can be used for characterization of thousands of proteins on a small slide in a 

high-throughput manner. For this reason the microarray technology is 

considered as miniaturization of several assays that can be performed on a 

small slide (Reymond Sutandy et al., 2013). Based on the mode of their 

applications, protein microarrays are generally classified into analytical 

(affinity protein microarrays) and functional protein microarrays (Reymond 

Sutandy et al., 2013; Zhu & Qian, 2012; Wingren & Borrebaeck, 2006). In 

functional protein microarrays, considerable number of individually purified 

proteins are spotted onto an array slide mainly to study the biochemical 

interactions of the immobilized proteins. Therefore, functional protein 

microarrays can mainly be used to study protein-protein, protein-DNA and 

protein-RNA interactions, for example (Zhu & Qian, 2012). Whereas in 

affinity protein microarrays, well characterized capture molecules, e.g. 

antibodies, are used to validate the presence of an analyte of interest for 

example a disease biomarker in a non-fractionated sample like serum (Zhu & 

Qian, 2012; Wingren & Borrebaeck, 2006). Thus, affinity protein microarrays 

can be used for disease diagnosis and discovery of novel biomarkers, for 

example (Kumble, 2003). An illustration of a standard affinity protein 
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microarray is represented in Figure 5, where the analyte of interest can be 

detected by direct labeling or using a sandwich approach via a reporter 

antibody. 

 
Figure 5. Illustration of a general affinity protein microarray. Directly labeled analyte: for 

analyte detection by direct labeling; Sandwich: for analyte detection using a reporter 

antibody. One capture molecule shown in the illustration is representative of several capture 

molecules present per spot. 

In the next sections, the use of recombinant antibodies as capture molecules 

for affinity protein microarrays is first described. Thereafter, a general 

procedure to perform recombinant antibody arrays is explained, followed by a 

brief description of key technological limitations involved in generation of high 

performing microarrays. While discussing key technological limitations, major 

focus is devoted towards describing different strategies used for immobilization 

of affinity domains, e.g. recombinant antibodies, onto solid supports for their 

efficient use in microarrays. 
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1.6.1 Recombinant antibody fragment microarrays 

For several years, full-length antibodies have been used as capture probes in 

protein microarrays. This is due to the high specificity and affinity exhibited by 

antibodies towards their target molecules (Zeng et al., 2012; Borrebaeck & 

Wingren, 2011; Hartmann et al., 2009). However, the production and 

validation of antibodies is time-consuming and expensive as well (Hartmann et 

al., 2009). In order to reduce the costs related to antibody assays, researchers 

have used genetic engineering techniques for creation of other capture probes, 

such as antibody fragments (as opposed to full-length antibodies) for their use 

in microarrays (Zeng et al., 2012; Borrebaeck & Wingren, 2011). Over the 

years, various formats of recombinant antibodies have been designed, including 

single-chain fragments variable (scFv), Fab fragments, diabodies and 

nanobodies (single-domain antibody) (Holliger & Hudson, 2005). Additionally, 

genes encoding recombinant antibodies can be introduced in bacteria, yeast and 

other cell lines, thus making them suitable for animal-free and cost-effective 

production (Hu et al., 2013; Marks et al., 1991). 

Recombinant antibody microarrays can be used to detect protein biomarkers 

and levels thereof, which are specific to a disease, from a complex sample like 

human blood serum, for example (Hartmann et al., 2009). According to the 

National Institutes of Health (NIH) Biomarkers definitions working group, a 

biomarker is defined as “A characteristic that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention” (Strimbu 

& Tavel, 2010). In recombinant antibody microarrays, hundreds of antibody 

fragments that can simultaneously detect different analytes (e.g. disease 

biomarkers) are attached by either direct adsorption or covalent immobilization 

onto a microarray slide (an area of <1 cm2). Illustration of general recombinant 

antibody array is represented in the Figure 6. The steps involved in detection of 

an analyte of interest includes: (i) Selection of microarray slide with 

appropriate surface chemistry followed by printing of recombinant antibodies 

onto the array slide. (ii) Biotin labelling of a serum sample containing protein 

biomarkers followed by their addition onto the microarray slide. (iii) Addition 

of fluorophore labelled streptavidin for the detection of bound biotinylated 

protein biomarkers that are bound to the recombinant antibodies. (iv) Scanning 

of the array slide to obtain a protein signature for a particular disease by 

following a series of steps, including signal quantification, data pre-processing, 

data analysis thereby generating a protein expression profile from which a 
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protein signature for a particular disease can be obtained. (Borrebaeck & 

Wingren, 2009). 

 
Figure 6. General illustration of the different steps required for protein detection using a 

protein microarray. (i) Spotting or printing of recombinant antibodies that detect disease 

biomarkers. (ii) Biotin labeling of a non-fractionated serum sample containing disease 

biomarkers followed by its addition onto the microarray slide. (iii) Addition of fluorophore 

labeled streptavidin onto the microarray slide for the detection of bound biotinylated disease 

biomarkers. (iv) Scanning of the array slide to obtain an immunosignature. 

1.6.2 Key parameters in affinity domain based microarrays 

In protein-based detection methods, appropriate immobilization of capture 

molecules such as antibodies and affinity domains, e.g. antibody fragments, are 

considered as an important aspect in creation of stable capture probes (Shen et 

al., 2017), thereby contributing to improvement in sensitivity of the detection 

method. There exists considerable advantages with enhanced sensitivity, such 

as possibility to achieve highly accurate molecular profiling and to be able to 

detect novel, low-abundant protein biomarkers. Enhanced sensitivity is an 

important feature to be considered for creation of efficient ligand-analyte 

detection systems. Stability, selectivity and orientation of recombinant 

antibodies spotted on the array slide represent one of the important 

technological parameters to consider for the design of high performing 

recombinant antibody microarrays (Shen et al., 2017). Detailed description of 
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other technological parameters is out of the scope of this thesis and are 

described elsewhere (Wingren & Borrebaeck, 2006). 

1.6.3 Applicability of different affinity domains for microarrays 

In the recent times, various types of affinity reagents have been used as capture 

probes in microarrays, including antibodies, recombinant antibodies (e.g. scFv, 

Fab) (Holliger & Hudson, 2005), non-immunoglobulin-derived affinity 

reagents (e.g. affibodies) (Nygren, 2008) and oligonucleotide apatamers 

(Ellington & Szostak, 1990). Target binding studies of the recombinant 

antibodies and affibodies hinted that they recognize different surface 

architectures present on the target antigen (Affinomics, 2013). This suggests 

that the use of different affinity domains towards the same target is a choice, 

which cannot be ignored. This information could be beneficial for selection of 

appropriate affinity domains as capture probes in microarrays. 

1.6.4 Immobilization of affinity domains for sensitive recombinant   

antibody microarrays 

The method used for immobilization of affinity domains is important to 

consider for generation of sensitive antibody arrays. Upon use of a certain 

immobilization technique, it is crucial that the immobilized affinity domains 

remain stable, maintain their structure, function and have access to their target 

binding sites. Thereby, the ability of the immobilized affinity domain (ligand) 

to detect its specific proteins in a patient sample (analyte) can be improved, 

thus, increasing the overall sensitivity of the microarray assay. 

The considerable variations in physiochemical properties of different 

affinity domains could possibly be the reason for lack of a universal protein 

immobilization method. Different ways to immobilize proteins onto solid 

supports is previously described in 1.3 section in this thesis. Similar strategies 

can be used for immobilization of affinity domains as well, with the aim to 

achieve stable capture probes for generation of sensitive microarrays. 

In Paper II, a novel strategy for immobilization of antibody fragment 

(scFv) onto partial spider silk proteins (4RepCT and NTCT) via genetic 

engineering is described. Furthermore, the applicability of scFv-silk fusion 

proteins for creation of sensitive arrays is investigated. 
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1.7 Essential components of the cellular microenvironment 

Development of people in the society is dependent on their local environment. 

Likewise, cell growth and development are strongly dependent on its 

microenvironment. Cells in vivo reside surrounded by a complex, heterotypic 

and dynamic set of biochemical and biophysical cues, which make out the 

“cellular microenvironment”.  The cellular microenvironment provides 

structural support to the residing cells and regulate cell behavior (Huang et al., 

2017). Generally, the cellular microenvironment contains four essential 

components, including neighboring cells, physical fields, extracellular matrix 

(ECM) and soluble factors (Figure 7). These four key components act 

synergistically to influence cell outcomes, e.g. adhesion, proliferation, 

migration, differentiation (Huang et al., 2017).  A brief description of 

neighboring cells and physical fields are presented in the first part of this 

section. Then, special attention is devoted towards extracellular matrix and 

soluble factors, in particular growth factors and their signaling. 

 
Figure 7. Schematic representation of the essential components of the cellular 

microenvironment. Adapted with permission from (Huang et al., 2017). Copyright © 2017 

American Chemical Society. 

1.7.1 Neighboring cells 

In vivo, cells communicate with similar and diverse types of cells. Several 

studies have determined the important role of cell-cell interactions in regulating 

cell behavior and tissue development (McMillen & Holley, 2015). Normally, 
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cell-cell adhesion is governed by specific adhesion receptors such as cadherins, 

whereas, cell-ECM adhesion is dominated by integrins (Li et al., 2017; 

McMillen & Holley, 2015). Briefly, cell-cell interaction can occur by two 

mechanisms, namely 1) by direct cell-cell contact (via tight junctions, anchor 

junctions and gap junctions) and 2) by soluble factors (via growth factors) 

(Huang et al., 2017). 

1.7.2 Physical fields 

In addition to the cell-cell interactions described in the above section, physical 

fields are also considered as important components of the cellular 

microenvironment (Figure 7). Depending on the location in vivo the cells are 

influenced by several physical fields, such as strain and stress (Huang et al., 

2017). Cells sense these physical fields by cell receptors and cytoskeleton via a 

process called mechanosensing, which activates intracellular signaling 

pathways (mechanotransduction), thereby regulating the cell responses (Luo et 

al., 2013; Vogel & Sheetz, 2006). 

1.7.3 Extracellular matrix 

Every cell in human tissues is surrounded by a complex three dimensional (3D) 

fibrillar network named the extracellular matrix (ECM). This is one of the 

essential components of the cellular microenvironment (Figure 7). The ECM is 

an intricate and dynamic network, which provides biophysical, biochemical 

and mechanical signals to the residing cells (Gattazzo et al., 2014). The ECM 

is composed of a network of various macromolecules like collagen, 

proteoglycans, glycosaminoglycans, fibronectin, laminins, growth factors and 

other signaling molecules, which can modulate cell behavior (Lee et al., 2011) 

(Figure 8). Briefly, hyaluronic acid, dermatan sulfate, keratan sulfate, 

chondroitin sulfate and heparin sulfate belongs to the group of sulfated 

glycosaminoglycans (GAGs). GAGs are chemically conjugated to a protein 

filament to form proteoglycans (Figure 8). The main functions of proteoglycans 

are to regulate the hydration level of the ECM and to capture and maintain 

activity of soluble molecules (e.g. growth factors) secreted by the cells 

(Carmagnola et al., 2018; Patterson et al., 2010).  

ECM based cell regulation plays a crucial role during development and can 

either be achieved by direct or indirect mechanisms (Hynes, 2009). ECM 

proteins that contribute to direct modulation of cell behavior includes structural 

proteins (collagen and elastin) and cell adhesion proteins (e.g. fibronectin, 
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laminin, vitronectin) that interacts with cell surface receptors (mainly integrins) 

(Carmagnola et al., 2018). Indirect modulation of cell regulation can be 

achieved by growth factors, which are captured due to their affinity towards 

ECM components, such as proteoglycans (Figure 8). Thus, ECM bound growth 

factors contribute to directing cell migration, differentiation and maturation 

(Patterson et al., 2010; Shastri & Lendlein, 2009). 

In the recent years, considerable focus is kept on the creation of materials 

that can mimic the structures and functions of native ECM. Thereby, in vitro 

study of cells in a realistic cellular microenvironment can be achieved (Huang 

et al., 2017; Murphy et al., 2014; Wade & Burdick, 2012). As a step toward 

mimicking native ECM, the possibility to co-present cell adhesion ligands and 

growth factors in a spider silk scaffold is investigated in Paper III presented in 

this thesis. 

 
Figure 8. Schematic illustration of the major components of ECM and cell-ECM 

interactions. Figure inspired from https://www.khanacademy.org/science/biology/structure-

of-a-cell/cytoskeleton-junctions-and-extracellular-structures/a/the-extracellular-matrix-and-

cell-wall 

1.7.4 Soluble factors 

As illustrated in Figure 7, growth factors are among other soluble factors (e.g. 

amino acids, oxygen, glucose, cytokines) the important molecules that cells 

https://www.khanacademy.org/science/biology/structure-of-a-cell/cytoskeleton-junctions-and-extracellular-structures/a/the-extracellular-matrix-and-cell-wall
https://www.khanacademy.org/science/biology/structure-of-a-cell/cytoskeleton-junctions-and-extracellular-structures/a/the-extracellular-matrix-and-cell-wall
https://www.khanacademy.org/science/biology/structure-of-a-cell/cytoskeleton-junctions-and-extracellular-structures/a/the-extracellular-matrix-and-cell-wall
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encounter in vivo, and they are considered essential for creation and 

maintenance of the cellular microenvironment (Huang et al., 2017). Albeit 

growth factors are available only in small quantities within ECM, yet they act 

as effective regulators of cell response and are widely used for engineering of 

the biomimetic cellular microenvironment (Huang et al., 2017; Netti, 2014; 

Badylak et al., 2008). 

1.7.4.1 Growth factors 

Growth factors are essential signaling molecules secreted in soluble form. They 

provide instructions to cells during the developmental stage, and may promote 

tissue regeneration during adult stage  (Lee et al., 2011). Growth factors can 

act in four different ways; either act on the same cell as it was secreted from 

(autocrine mode), secreted by neighboring cells (paracrine mode), or 

distributed by the circulatory system (endocrine mode). In certain instances, 

growth factors exert their cell bioactivity in non-diffusible manner (juxtacrine 

mode) (Huang et al., 2017; Hajimiri et al., 2015). A list of selected growth 

factors and their physiological functions are stated in Table 1. 

Table 1. List of selected growth factors and their biological functions. 

Growth factor Biological function 

EGF Regulation of epithelial cell growth, proliferation and differentiation 

bFGF 

(or FGF-2) 

Survival, proliferation and migration of endothelial cells, maintain 

pluripotency of embryonic stem cells by inhibiting their differentiation 

BMP-2 Differentiation and migration of osteoblasts 

BMP-7 Differentiation and migration of osteoblasts, renal development 

NGF Survival and proliferation of neural cells 

PDGF-AB 

(or-BB) 

Embryonic development, proliferation, migration, growth of endothelial 

cells 

VEGF Survival, proliferation and migration of endothelial cells. 

EGF, epidermal growth factor; bFGF, basic fibroblast growth factor, BMP, bone morphogenetic protein; NGF, 

nerve growth factor; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor. Table is 

modified from (Lee et al., 2011) 

 

The in vivo cell environment contains both soluble and immobilized growth 

factors with distinctive functions (Figure 8). Thus, the experimental 

immobilization of growth factors in vitro does have physiological relevance 

(Hajimiri et al., 2015). Furthermore, upon immobilization the amount of 

growth factor required is reduced. Thereby, the cost involved in growth factor 
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delivery systems can be decreased (Hajimiri et al., 2015). For the reasons 

specified above, the design of biomaterials that can interact with growth factors 

are compelling. Strategies used for immobilization of protein domains are 

discussed in an earlier part of this thesis (Section 1.3). Similar conjugation 

strategies can be used for growth factor immobilization onto various surfaces. 

Detailed description of popular growth factors as listed in Table.1, and their 

conjugation strategies, are further described elsewhere (Hajimiri et al., 2015; 

Tallawi et al., 2015; Lee et al., 2011). 

1.7.4.2 Receptor Tyrosine Kinase/growth factor signaling 

Cells communicate with their microenvironment via cell membrane receptors 

e.g. integrins and growth factor receptors (Figure 8). The functions of growth 

factors are thus regulated by the growth factor receptors. Receptor Tyrosine 

Kinases (RTKs) function as receptors for several types of growth factors, 

including epidermal growth factor (EGF), platelet-derived growth factor 

(PDGF), nerve growth factor (NGF), fibroblast growth factor (FGF) and 

vascular endothelial growth factor (VEGF) (Popovic & Wilson, 2018). 

As illustrated in Figure 9, the RTKs are transmembrane protein receptors 

containing an extracellular ligand binding domain, a transmembrane part and 

the cytoplasmic part containing tyrosine kinase domain (TKD) (Lemmon & 

Schlessinger, 2010; Ullrich & Schlessinger, 1990). 

Binding of a ligand (growth factor) to the extracellular domain (RTK) result 

in activation of the intracellular kinase domain with subsequent auto-

phosphorylation and phosphorylation of various intracellular substrates that are 

involved in the signal transduction process (Schlessinger, 1988). This results in 

transfer of signal to the nucleus, so that genes essential for cell survival, 

growth, proliferation or differentiation will be transcribed (Figure 9). Signaling 

pathways activated by RTKs include: Mitogen-activated protein kinase 

(MAPK), extracellular-signal-regulated kinase (ERK), and phosphatidylinositol 

3-kinase (PI3K) (Scitable, 2014; Massie & Mills, 2006). Detailed information 

about other growth factor signaling pathways is available elsewhere (Popovic 

& Wilson, 2018; Lemmon & Schlessinger, 2010; Massie & Mills, 2006). 
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Figure 9. Schematic illustrating the central role of growth factor receptors binding to 

growth factors, and the subsequent activation of cell signaling pathways leading to changes 

in cell behavior. 

As stated in the beginning of this section, diverse interactions occur among 

cells, growth factors and ECM in the in vivo cell microenvironment. 

Knowledge gained from these interactions could be applied for creation of 

bioactive biomaterials. An example for creation of such bioactive biomaterials 

is stated in the section 1.8.4 presented in this thesis. 

1.8 Overview of tissue engineering 

The term "tissue engineering" was used for the first time in 1988 at a National 

Science Foundation workshop (Heineken & Skalak, 1991). This term 

highlights the creation of a new scientific discipline, which focuses on the 
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generation of tissues from cells with the help of biomaterials and growth 

factors (Akter, 2016; Langer & Vacanti, 1993; Heineken & Skalak, 1991). 

Even though the tissue engineering field is relatively new, the basic idea of 

tissue replacement seems to be given already by Gasparo Tagliacozzi (1546-

99), a Professor of Surgery and Anatomy at the University of Bologna 

(O'Brien, 2011). Tissue engineering is a phrase that can be used almost 

interchangeably with regenerative medicine (O'Brien, 2011). 

Historically, human use of materials to improve or restore the tissue dates to 

about 1065-740 BC, where a prosthetic wooden toe was used to structurally 

replace an amputated toe (Huebsch & Mooney, 2009). Damage to tissues or 

organs occasionally occur, for example due to trauma, ageing, cancer or 

congenital diseases (Akter, 2016; Huebsch & Mooney, 2009; Griffith & 

Naughton, 2002). Over the past several years, innovative medical devices has 

been developed with the strive to improve quality of patient’s life who are 

suffering from tissue or organ related diseases (Aramwit et al., 2017). 

Currently, there exists some treatment procedures, including surgical repair, 

drug therapy and transplantation (Akter, 2016). However, available treatment 

procedures have not necessarily decreased patient's mortality. Tissue loss 

caused due to traumatic or non-traumatic injury can be treated by autografting 

and allografting (Murugan & Ramakrishna, 2005). In autografting method, a 

tissue taken from one site of the donor is transplanted to another site of the 

same donor. Whereas in allografting method, a tissue taken from one individual 

is transplanted to other individual of the same species but of non-identical 

genetic composition (Murugan & Ramakrishna, 2005; Ambrosio et al., 2001). 

Albeit considered good, use of autografts is limited in the clinics due to the 

shortage of available donor sites. On the other hand, use of allogenic graft is 

prone to elicit immunogenic reactions and graft rejection, and may also 

transmit pathogens to the host (Murugan & Ramakrishna, 2005). To address 

aforementioned limitations, nearly two and a half decades ago the concept of 

tissue engineering was introduced with the aim to improve the quality of 

patient’s life (Langer & Vacanti, 1993). 

In the first part of this section, the rationale of tissue engineering is 

described. Thereafter, characteristics of a biomaterial and a brief description 

about applicability of different biomaterials for tissue engineering are described 

further. Another part of this section is devoted to describing the necessity and 

delivery of growth factors for tissue regeneration. Finally, challenges and 
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advances in the field of tissue engineering with a focus on skin tissue 

engineering are briefly presented. 

1.8.1 Rationale of tissue engineering 

The rationale of tissue engineering (TE) is to combine cells isolated from the 

patient or donor with appropriate biomaterials (scaffolds) and suitable 

biochemical factors (growth factors) to improve or restore biological functions 

(Khademhosseini & Langer, 2016; Langer & Vacanti, 1993). According to the 

breakthrough paper in the field, tissue engineering is defined as “an 

interdisciplinary field of research that applies both the principles of 

engineering and the phenomena of the life sciences toward the development of 

biological substitutes that maintain, restore, or improve function of the tissue” 

(Langer & Vacanti, 1993). 

Clinical success of any tissue engineering approach is dependent on four 

key factors: 1) the cells that generate the tissue, 2) the biomaterial, which acts 

like a scaffold to provide structural support to cells, 3) the biochemical 

signaling molecules (growth factors) that regulate the cellular outcomes, 4) 

cell-biomaterial interactions, which help in tissue remodeling and development. 

Thus, the goal to generate functional tissues in vitro could possibly be achieved 

upon combining anchorage dependent cells with appropriate bioactive 3D 

scaffolds. In this manner the conditions provided to the cells are expected to 

recapitulate the in vivo microenvironment, thereby resulting in proper tissue 

formation under in vitro conditions (O'Brien, 2011; Langer & Vacanti, 1993).  

The standard paradigm of tissue engineering is illustrated in Figure 10. 

Briefly, cells derived from the patient or donor are expanded under in vitro 

conditions. Later, expanded cells are subsequently combined with soluble 

growth factors plus 3D scaffolds (or) with 3D scaffolds containing 

immobilized growth factors (bioactive 3D scaffold) to promote differentiation 

to a tissue. The engineered tissue construct is then implanted into the patient 

for tissue regeneration (Figure 10). In case of in situ regeneration, a 3D 

scaffold or a bioactive 3D scaffold is placed directly at the site of injury to 

possibly restore tissue formation by the recruitment of host cells (Griffith & 

Naughton, 2002). 
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Figure 10. Outline of tissue engineering. (i) Isolation of cells from the patient or donor. (ii) 

Expansion of isolated cells under in vitro conditions. (iii) Cell culture in either 3D scaffold 

or bioactive 3D scaffold. (iv) Differentiation of ex vivo engineered cell scaffold to a tissue. 

(v) Implantation of engineered tissue into the patient. 

1.8.2 Characteristics of a biomaterial for its use in tissue engineering 

National Institutes of Health (NIH) defines biomaterials as, “any substance 

(other than a drug) or combination of substances synthetic or natural in origin, 

which can be used for any period of time, as a whole or part of a system which 

treats, augments, or replaces tissue, organ or function of the body” (Williams, 

2009). 

The selection of biomaterials plays an important role in the field of tissue 

engineering (TE). Wanted characteristics of a biomaterial to be used as a 

scaffold for TE includes 1) certain degree of porosity, to allow cell infiltration, 

and diffusion of nutrients and waste products out of the scaffold; 2) 
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biocompatibility, meaning that the scaffold should have certain surface 

chemistry to promote adhesion, migration, proliferation, differentiation of the 

cells; 3) adequate mechanical properties in order to function from the time of 

implantation to the completion of tissue remodeling; 4) controlled 

biodegradability in order to allow endogenous host cells to create their own 

ECM; 5) the capability to recapitulate ECM to promote appropriate tissue 

formation under in vitro conditions (O'Brien, 2011; Hutmacher, 2000; 

Babensee et al., 1998). 

1.8.3 Biomaterials in tissue engineering 

In the past 30 years, the use of biomaterials in tissue engineering is promptly 

progressing with the pursuit of creating novel medical devices to support or 

restore the function of natural tissues (Guarino et al., 2018; Bhat & Kumar, 

2013). Based on the origin of biomaterials, they are generally classified as 

natural and synthetic materials, for their use as scaffolds in both hard and soft 

tissue engineering. Materials obtained from a natural source includes e.g. 

collagen, elastin, silk, Matrigel®, alginate and chitosan. Whereas materials 

obtained from a synthetic source includes e.g. ceramics and polymers. Detailed 

description about relevance of natural materials in tissue engineering 

applications is stated elsewhere (Gomes et al., 2013). Briefly, the use of a 

natural material as a biomaterial for tissue engineering applications is 

advantageous due to its biocompatibility and biodegradability (Lutolf & 

Hubbell, 2005). Nonetheless, batch-to-batch variations and risks of viral 

contamination that would cause immunogenicity are the challenges involved 

with the use of natural materials in tissue engineering (Ren et al., 2015; Nair & 

Laurencin, 2006). Additionally, the exact composition of certain natural 

materials, such as e.g. Matrigel® is not defined and thus will not allow 

complete control over the performed experiments, in addition to the large 

batch-to-batch variations. 

Ceramic scaffold e.g. tri-calcium phosphate, hydroxyapatite, is an example 

of a synthetic material and commonly used for hard tissue engineering. The 

low elasticity and high mechanical stiffness of ceramic scaffolds make them 

attractive as biomaterial for bone regeneration applications (Hench, 1998). 

Nonetheless, poor infiltration of bone cells inside the hydroxyapatite scaffold is 

a problem that needs to be addressed (O'Brien, 2011). This issue could possibly 

be solved to some extent by increasing the channel diameter within 

hydroxyapatite scaffolds (Rose et al., 2004). Another group of synthetic 
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materials are the synthetic polymers including poly-l-lactic acid (PLLA), 

polyglycolic acid (PGA), and poly-methyl methacrylate (PMMA), which were 

previously evaluated as scaffolds in tissue engineering (Peppas & 

Khademhosseini, 2016; O'Brien, 2011). For example, PMMA has been in use 

for hard tissue engineering applications, such as dental implants and hip 

replacements. However, this polymer may cause complications in the long run, 

probably due to left over monomers from the polymerization process, reaction 

catalysts or initiators. It was previously reported that the residual monomers of 

methyl methacrylate from PMMA possibly cause damage to eyes and skin 

(Gupta et al., 2012). It has also been reported that biodegradation of synthetic 

polymers like PLA and PGA can result in a decrease of local pH, thereby 

affecting cell growth (Agrawal & Athanasiou, 1997). 

Recent technological advancements in the field of genetic engineering have 

enabled creation biomaterials based on recombinant proteins such as elastin-

like materials and silk-like materials. The possibility to customize biomaterials 

with bio-functional peptides has expanded the applicability of protein 

biomaterials for tissue engineering applications (Mulyasasmita & Heilshorn, 

2011). 

1.8.4 Role of growth factors in tissue engineering 

The clinical success of engineered tissue grafts is limited. One of the reasons is 

lack of sufficient vascularization that result in improper supply of nutrients 

and/or hypoxia deeper in the engineered tissue grafts (Novosel et al., 2011; 

Rouwkema et al., 2008). In vivo, supply of oxygen and nutrients to the tissues, 

as well as removal of waste products from the tissues, are performed by the 

vascular system via blood vessels, which further divide into capillaries. The 

maximum distance between two capillaries in vivo is 200 µm (Figure 11). It 

has been shown that cells remain viable by oxygen diffusion when they are 

located within a distance of 200 µm from the source of oxygen (Novosel et al., 

2011; Rouwkema et al., 2008). 
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Figure 11. Schematic illustration of in vivo diffusion and transport processes to and from 

the tissue, and representation of maximum distance between two capillaries. Figure inspired 

from (Novosel et al., 2011). 

Insufficient supply of oxygen and nutrients in engineered tissue constructs 

with thickness more than 200 µm is an important challenge to be addressed for 

advancement of tissue engineering (Rouwkema et al., 2008). The hypoxic 

condition created in the deeper region of engineered tissue constructs/grafts can 

stimulate vessel ingrowth by the release of angiogenic growth factors (Laschke 

et al., 2006). Nonetheless, vessel ingrowth induced by the released angiogenic 

growth factors is a slow process, and will not warrant the instant supply of 

nutrients required by the cells present in the deeper regions of engineered tissue 

grafts (Rouwkema et al., 2008). This suggests that in vitro creation of a pre-

vascularized engineered tissue graft is an essential feature to be considered in 

tissue engineering (Baldwin et al., 2014; Lovett et al., 2009). One way to 

achieve pre-vascularization is by incorporation of angiogenic growth factors to 

recruit endothelial cells from the surrounding tissue or to stimulate endothelial 

cells that were added to the biomaterial. For example, to include VEGF and 

bFGF as an integral part of the biomaterial (Figure 10 (iii)). The main 

limitation when incorporating soluble growth factors is their low stability in the 

cell microenvironment. This means that a majority of the growth factor 

molecules will be degraded before reaching their target (Lee et al., 2011). To 
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compensate for their short half-life, frequent supplementation with large 

amounts of soluble growth factors is needed. Nonetheless, such large amounts 

growth factors can cause damage to the cells (Lee et al., 2011). Alternatively, 

retention and stability of growth factors can be achieved by immobilization on 

biomaterials (Briquez et al., 2015; Hajimiri et al., 2015). Growth factors can 

e.g. be covalently immobilized into a biomaterial using chemical conjugation 

methods. However, the use of chemicals can comprise the biological activity of 

the growth factor (Briquez et al., 2015). This could be overcome by using a 

chemical-free, gene fusion method, where the gene encoding a functional 

protein is fused to the gene for a self-assembling proteins. This has been 

demonstrated for e.g. Ultrabithorax, a recombinant transcription factor derived 

from Drosophila melanogaster (Huang et al., 2011) and for the partial spider 

silk protein 4RepCT, derived from the African nursery spider Euprosthenops 

australis (Stark et al., 2007). One possible approach to deliver a growth factor 

(bFGF was used as a model growth factor) that is covalently immobilized to 

4RepCT is described in Paper III, in this thesis. Potential applications of 

angiogenic growth factors after their immobilization to self-assembling 

proteins are illustrated in the Figure 12. 

As described in section 1.7.3, certain growth factors, e.g. FGF-2, VEGF and 

TGF-β1, bind to the ECM via heparan sulfate proteoglycans (Schultz & 

Wysocki, 2009). Inspired from this information, researchers have modified 

biomaterials to contain growth factor binding sites, such as heparin or heparan 

sulfate-mimetic molecules, thereby enabling non-covalent, affinity based, 

immobilization of growth factors (Briquez et al., 2015). For example, in one 

study, collagen sponges impregnated with fibrin/heparin were used for the 

delivery of non-covalently immobilized FGF-2 (DeBlois et al., 1994). In a 

mouse model, subcutaneous implantation of collagen sponges pre-impregnated 

with a fibrin/heparin/FGF-2, resulted in tissue ingrowth within the implanted 

collagen sponges (DeBlois et al., 1994). A strategy for non-covalent 

immobilization of growth factors via spider silk as a biomaterial is described in 

Paper I. Briefly, biotinylated growth factor was captured on bioactive silk film, 

containing monomeric streptavidin genetically fused to 4RepCT (M4-

4RepCT). 
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Figure 12. Potential applications of angiogenic growth factors upon immobilization to 

partial spider silk scaffold. 
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2 Present investigations 

2.1 Aims of the thesis 

The main aim of the present thesis is to immobilize different affinity and 

bioactive domains to partial spider silk proteins via genetic engineering. 

Moreover, to study the maintained functional properties of the silk part and 

added affinity/bioactive domains in silk fusion proteins. The specific aims of 

this thesis have been: 

 

 Paper I: To investigate the possibility to functionalize 4RepCT silk 

protein with different fold-dependent affinity protein domains using 

genetic fusion/linkage followed by functional studies of silk materials 

generated from the silk fusion proteins. 

 

 Paper II: To covalently combine two scFvs to 4RepCT and NTCT 

silk protein variants at the gene level and to evaluate the possibility to 

use scFv-4RepCT/NTCT silk fusion proteins as capture probes for 

generation of sensitive immunoassays. 

 

 Paper III: To bioactivate 4RepCT silk protein with a pleotropic 

growth factor, bFGF and evaluate the possibility to use silk-bFGF 

scaffold for in vitro cell culture and tissue engineering applications. 

  

 Paper IV: To immobilize two affibody-based binders of VEGFR2 by 

genetic fusion to 4RepCT and to evaluate the maintained bioactive 

properties of immobilized affibodies by performing cell culture 

studies. 
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2.2 Results and discussion 

2.2.1 Paper I: Recombinant spider silk genetically functionalized with 

affinity domains. 

In paper I, functionalization of 4RepCT with various affinity domains was 

evaluated. Four different fold dependent affinity domains (Z, C2, ABD and 

M4) were covalently attached to the N-terminus of 4RepCT at the gene level 

(Figure 13a). 

Domains Z (7 kDa) (Nilsson et al., 1987) and ABD (5 kDa) (Kraulis et al., 

1996) are folded into three helix bundles, and bind to IgG and albumin 

respectively. In contrast, C2 (6 kDa) and M4 (17 kDa) domains contain β/α 

structures (Sauer-Eriksson et al., 1995) and a β-sheet barrel (Wu & Wong, 

2005) respectively, and have affinity towards IgG and biotin, respectively. All 

four recombinant silk constructs were successfully produced in the BL21 

(DE3) strain of E. coli and purified using immobilized metal ion affinity 

chromatography (IMAC) under non-denaturing conditions (Figure 13b). It is 

worth noting that the produced silk fusion proteins could still be self-assembled 

to film and fiber format despite the relatively large sizes (5-17 kDa) of the 

affinity domains added to the 4RepCT (Figure 13c). Moreover, no additional 

processing steps are required to make fibers and films of silk fusion proteins. 

Since target binding ability of the added affinity domains is dependent on their 

secondary structure, Fourier transform infrared spectroscopy (FTIR) analysis 

was performed on films and fibers made from all silk fusion proteins. The 

results from FTIR analysis supported a maintained β-sheet structure, which is a 

characteristic of 4RepCT, in both film and fiber formats of silk fusion proteins. 

In order to evaluate the selective IgG binding ability of Z and C2 domains, a 

complex serum mixture was added to the fibers and films of Z-4RepCT and 

C2-4RepCT. After wash, bound IgG was released and analyzed using SDS-

PAGE, which showed a band corresponding to the correct size of IgG (140 

kDa), thus confirming retained functionality of added Z and C2 domains to 

selectively bind IgG. Likewise, the functionality of added ABD was verified 

upon incubation of complex human plasma to fiber and film of ABD-4RepCT. 

Release of bound albumin and gel analysis confirmed the maintained 

functionality of ABD to selectively bind albumin. 
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Figure 13. Production of soluble functionalized silk-fusion proteins and characterization of 

the silk-like materials formed thereof. (a) Schematic representations of four different 

functionalized silk fusion proteins, Z-4RepCT (32 kDa), C2-4RepCT (31 kDa), ABD-4RepCT 

(30 kDa), and M4- 4RepCT (41 kDa). Secondary structure elements of the functionalization 

domains (Protein Data Bank ID: 2spz, 1fcc, 1gjt, and 1swe, respectively) are color-coded; 

α-helix in light blue, β-sheet in purple. (b) SDS-PAGE of eluted fractions from immobilized 

metal ion affinity chromatography (IMAC) of four soluble functionalized silk fusion proteins, 

and 4RepCT. Target proteins are indicated by black squares. (c) Light microscopy images of 

films and fibers of functionalized silk fusion protein, compared to those of 4RepCT. Scale 

bars: 1mm. Adapted with permission from (Jansson et al., 2014). Copyright © 2014 

American Chemical Society. 

In order to explore the possibility to create multi-functional silk materials, 

mixed films and mixed fibers were prepared by combining soluble fractions of 
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Z-4RepCT and ABD-4RepCT (Figure 14a). The ability of mixed films and 

fibers to selectively capture both IgG (by Z-4RepCT) and albumin (by ABD-

4RepCT) was shown by addition of human plasma to the mixed silk materials 

followed by the release of both bound target molecules, as shown by gel 

electrophoresis, thus confirming the concept of multi-functional silk materials 

(Figure 14b). 

 
Figure 14. Multi-functionalized silk materials can simultaneously bind two targets. (a) Light 

microscopy images of films and macroscopic fibers prepared by mixing soluble Z-4RepCT 

with soluble ABD-4RepCT protein. Scale bars: 1 mm. (b) The ability of mixed Z- 

4RepCT/ABD-4RepCT film and fiber to simultaneously bind IgG (via the Z domain) and 

albumin (via the ABD domain). Human blood plasma served as source for both IgG and 

albumin. Released fractions from mixed film and mixed fiber were analyzed by SDS-PAGE. 

Bands of IgG and albumin are indicated with arrows. Adapted with permission from 

(Jansson et al., 2014). Copyright © 2014 American Chemical Society. 

Due to the simplicity and versatility of the biotin-streptavidin system, it has 

gained a significant focus in the field of biotechnology (Diamandis & 

Christopoulos, 1991). It has also been extensively used to link functional 

groups to biomaterials (Wang & Kaplan, 2011; Spieß et al., 2010). Likewise, 

the possibility to covalently link the monomeric streptavidin domain (M4) to 

4RepCT in the quest to link functional groups to silk based materials has been 

verified in Paper I. To demonstrate the biotin binding ability of the M4 domain 

in the M4-4RepCT construct, films of M4-4RepCT were incubated with 

biotinylated DNA molecules. High affinity between monomeric streptavidin 
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and biotinylated ligands (Wu & Wong, 2005) resulted in a difficulty to release 

the bound biotinylated ligands. Since release of bound biotinylated ligands 

usually requires harsh elution conditions (Rybak et al., 2004), a restriction 

enzyme site was included at the 5’ end of the biotinylated DNA molecules to 

ensure mild release, which could be confirmed by analysis using a DNA gel. 

Thus the applicability of M4-4RepCT silk materials for nucleic acid 

hybridization assays is envisioned. Furthermore, the use of M4-4RepCT films 

to immobilize growth factors was evaluated (Figure 15a). This concept was 

confirmed by capture of EGF molecules pre-labeled with a chromophoric 

biotin onto M4-4RepCT films, followed by measurement of the absorbance 

signal from the bound biotinylated EGF molecules (Figure 15b). 

 
Figure 15. Silk films functionalized with monomeric streptavidin (M4-4RepCT) for 

presentation of growth factors. (a) Schematics for presentation of biotinylated EGF onto 

M4-4RepCT. Bound EGF is detected by measuring absorbance of chromophoric biotin (b) 

Graph showing signal from chromophoric biotin-EGF to M4-4RepCT and 4RepCT control 

films, respectively. Adapted with permission from (Jansson et al., 2014). Copyright © 2014 

American Chemical Society. 

In a recent study, a recombinant silk construct named FN-4RepCT was 

created, where a RGD cell binding peptide derived from fibronectin was 

genetically fused to 4RepCT and was presented in a loop format, thereby 

enhancing the cell supportive ability of spider silk (Widhe et al., 2016). Upon 

combining soluble FN-4RepCT and M4-4RepCT, an advanced silk based cell 

scaffold could possibly be designed for in vitro cell culture studies, provided 

that the basal culture medium is supplemented with biotinylated growth factors. 

Moreover, due to the high affinity between M4 domain and biotinylated 
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ligands (Wu & Wong, 2005), long term use of bound biotinylated growth 

factors is envisioned during media change, thus providing an economic benefit. 

On the other hand, if release of growth factors is demanded by the cells and 

if it is difficult to biotinylate growth factors, a reversible two-step presentation 

of growth factor via Z-4RepCT materials could instead be employed. The 

feasibility of such two-step approach using Z-4RepCT silk was shown by the 

capture of the vascular endothelial growth factor (VEGF) using anti-VEGF 

IgG, which was first bound to the Z domain. To visualize the indirect binding 

of VEGF to Z-4RepCT films via anti-VEGF IgG, the VEGF was biotinylated 

and a streptavidin labelled with fluorophore was used for detection. 

Since it is challenging to determine the specific function of biotinylated 

growth factors captured to 4RepCT fusions, a domain with more easily 

measured functionality, the enzyme xylanase, was biotinylated and captured 

onto M4-4RepCT films. Activity of bound xylanase was thereafter verified 

upon conversion of the substrate to a product that could be measured at a 

certain wavelength (Figure 16a). Higher absorbance signal was observed from 

M4-4RepCT films with biotinylated xylanase than corresponding Z-4RepCT 

control films, thus confirming the maintained activity of the xylanase (Figure 

16b). This finding highlights the possible use of M4-4RepCT silk materials to 

capture also other enzymes, which have potential applications in the field of 

biology and medicine (Costa et al., 2005). 

 
Figure 16. Silk films functionalized with monomeric streptavidin (M4-4RepCT) for 

presentation of an enzyme. (a) Schematics showing presentation of a biotinylated enzyme on 

M4-4RepCT silk, where the activity of bound xylanase is determined by measuring its ability 

to convert substrate to a colored product. (b) Graph showing absorbance of the product 

obtained by biotinylated xylanase bound to M4-4RepCT and Z-4RepCT control films, 

respectively. Adapted with permission from (Jansson et al., 2014). Copyright © 2014 

American Chemical Society. 
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2.2.2 Paper II: Genetic fusion of single-chain variable fragments to partial 

spider silk improves target detection in micro- and nanoarrays. 

In paper II, one of the attractive features of spider dragline silk proteins, 

namely stickiness (Vollrath, 2000) has been exploited for the development of 

high performing recombinant antibody based immunoassays. In this study, two 

single chain variable fragments (scFvs), αVEGF and αC1q (30 kDa) that bind to 

the serum proteins VEGF (low abundant) and C1q (high abundant) 

respectively, were selected from a human recombinant scFv phage-display 

library (Soderlind et al., 2000). Corresponding genes encoding the scFvs were 

then genetically attached to either ends of two partial spider silk variants, 

4RepCT (herein denoted as RC) and NTCT (herein denoted as NC) (Figure 

17a). All of the generated RC/NC silk fusion constructs (RC-α and α-RC, 52 

kDa, NC-α and α-NC, 54 kDa) could be produced in E. coli and purified using 

immobilized metal ion affinity chromatography (IMAC) (Figure 17b,c). Even 

though a partial degradation of the target proteins was observed, scFv-silk 

fusion proteins of sufficient quality were obtained. Concentrated fractions of 

soluble scFv-RC/NC silk fusion proteins could be processed to silk-like fibers 

(Figure 17d). This confirmed a retained functionality of RC and NC silk to 

form silk-like fibers despite covalently attached to a scFv domain (30 kDa), 

which is larger in size compared to the sizes of both RC (23 kDa) and NC (27 

kDa) silk proteins. 
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Figure 17. Description of scFv-silk fusion proteins. (a) Schematic representations of the 

different scFv-silk fusion proteins, RC-α (52 kDa), α-RC (52 kDa), NC-α (54 kDa) and α-NC 

(54 kDa). ScFvs are shown as α (30 kDa). (b, c) SDS-PAGE analysis, showing eluted 

protein fractions of RC-α, α-RC, NC-α and α-NC fusion proteins, respectively. Target 

protein bands are highlighted by rectangles. Additional bands submitted for mass 

spectrometry analysis are indicated by arrows or star. Repositioning of protein lanes are 

represented by vertical black lines. (d) Light microscopy images of fibers made from scFv-

silk fusion proteins. Scale bar: 1 mm. 

To investigate the target binding affinities of the added scFv domains in the 

scFv-RC silk constructs, a microarray slide carrying microspots of scFv-RC 

silk fusion proteins (RC-αVEGF & αVEGF-RC, RC-αC1q & αC1q-RC) was 

designed. Since silk protein provides a hydrophilic environment and 

mechanical stability to the array spot, this might change the morphology of the 

array spot and thereby affect the outcome of immunoassay. Therefore, mixed 

spot (soluble scFvs and RC added together) and double spot (soluble scFv 

added onto dried RC) formats were formulated to constitute controls of scFvs 

non-covalently attached to RC silk. Incubation of VEGF antigens onto a 

microarray slide revealed VEGF binding to the microspots containing αVEGF, 

RC-αVEGF and αVEGF-RC proteins but almost no binding to the other microspots 

(Figure 18a). Similarly, addition of C1q antigens to the microarray slide 

showed binding of C1q antigens only to the microspots of αC1q, RC- αC1q and 
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αC1q-RC (Figure 18b). These observations also confirmed that there exists no 

cross reactivity among different scFv-RC silk fusion proteins. Moreover, the 

target detection signal was distinctly increased when scFvs were covalently 

attached to RC silk compared to the same added amount of scFvs to the 

microspots containing only scFv. The increase in target binding signal might be 

due to the high propensity of spider silk proteins to self-assemble and adhere to 

the solid surfaces, thereby resulting in well-oriented antibody fragments from 

the fusion protein. Presence of well-oriented immobilized antibody fragments 

would enable efficient binding to the target molecules, thereby contributing to 

the success of solid-phase assays. Likewise, in another study, use of well-

oriented antibody fragments has been shown to improve the target binding (Hu 

et al., 2013). Another reason for improved target detection signal might be that 

a higher proportion of scFvs might have stayed within the array spots during 

the several processing steps involved in the immunoassay when attached to the 

silk protein. However, very low target detection signal, close to the background 

signal, was obtained from mixed and double spots, thus demonstrating the 

necessity of having scFvs covalently linked to silk when used as capture probes 

in immunoassays. 

 

 

Figure 18. Analysis of target antigen binding to scFv-RC silk fusion proteins in 

microarrays. (a) Graph plot demonstrating VEGF antigen binding to different formats of 

αVEGF and controls. (b) Graph plot displaying C1q antigen binding to various αC1q 

formats and controls. 

Incubation of a non-fractionated serum sample onto the microarray slide 

containing microspots of scFv-RC silk fusion proteins confirmed the selective 

binding between the scFv-silk fusion proteins and their respective targets 
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present in the serum (Figure 19). This highlights the ability of scFv-RC silk 

fusion proteins to bind their targets even from a complex sample. 

 
Figure 19. Detection of VEGF and C1q antigen from serum samples by scFv-RC silk fusion 

proteins in microarrays. Graph plot displaying VEGF and C1q antigen binding to α, RC-α, 

α-RC. RC and BSA are used as controls. 

In the quest for generation of sensitive and high density arrays, possible use 

of scFv-silk fusion proteins as capture probes was investigated also using 

nanoarrays. Deposition of proteins for nanoarrays can be done by several 

techniques, for example using dip-pen technology (Petersson et al., 2014; 

Wingren & Borrebaeck, 2007). The repetitive region in the RC silk variant has 

a high tendency to fibrillate, which could potentially clog the nozzle if 

deposited using dip-pen technology. To avoid this problem, NTCT (NC), a new 

engineered variant of spider silk was generated, without including the repetitive 

region, and used for nanoarray analysis. Again the previously selected scFvs 

(αVEGF and αC1q) were covalently attached onto either ends, resulting in the 

generation of scFv-NC silk fusion proteins (NC-αVEGF & αVEGF-NC, NC-

αC1q & αC1q-NC) (Figure 17a). The applicability of generated scFv-NC silk 

fusion proteins for creation of high density arrays, nanoarrays, was thus 

studied. 

Any variations in morphology of nanospots can affect the creation of high 

density arrays and array performance as well. However, no variations in spot 

morphologies was observed among nanospots made of scFv-NC silk fusion 

proteins, scFvs alone and control sample, as confirmed by microscopy analysis 

of the nanospots (Figure 20a). Similar to microarray analysis, upon addition of 

pure antigen samples (VEGF and C1q) onto the nanoarray slides containing 

nanospots of scFv-NC silk fusion proteins, no sign of cross reactivity was 

observed among different scFv-NC silk fusion proteins (Figure 20b, c). 
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Furthermore, significantly higher target detection signal was observed by scFvs 

when covalently attached to NC silk compared to the same added amount of 

scFvs alone (Figure 20b, c). Thus, the results from the nanoarray analysis were 

in line with the microarray results. 

 
Figure 20. Investigation of target antigen binding to scFv-NC silk fusion proteins in 

nanoarrays. (a) Image showing morphology of nanospots of protein samples (BSA, scFv (α), 

NC-α and α-NC) applied using Dip Pen Nanolithography (DPN). (b) Graph plot showing 

VEGF antigen binding to αVEGF, NC-αVEGF, αVEGF-NC and controls (n.s., not 

significant; **p < 0.01). (c) Graph showing C1q antigen binding to αC1q, NC-αC1q, αC1q-

NC and controls (*p = 0.05). 

In order to rule out unspecific binding of serum components to the silk, C1q 

depleted serum was prepared. Upon addition of C1q depleted serum onto a 

scFv-silk coated nanoarray slide, very low target binding signal was reported 

from NC-αC1q & αC1q-NC, confirming low unspecific binding of serum 

components to scFv-NC silk proteins (Figure 21a). To study the array setup 

using a clinically relevant sample, pooled serum from Systemic Lupus 

Erythematosus (SLE) patients was examined. Upon incubation of serum from 

SLE patients onto the nanoarray slide, a higher target signal was reported by 

αVEGF-NC silk fusion protein compared to incubation with C1q depleted 

serum (Figure 21b). This might be due to the high levels of VEGF in serum 

derived from SLE patients (Zhou et al., 2014), which is an hallmark of patients 

with SLE disease, compared to low levels of VEGF present in the serum 

obtained from normal patients. The results from the nanoarray analysis 

confirmed a retained functionality of the two scFvs that were attached to NC 

silk. 
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Figure 21. Detection of target antigens from non-fractionated clinical samples by scFv-NC 

silk fusion proteins in nanoarrays. (a) Graph showing antigen binding to α, NC-α, α-NC 

when incubated with two concentrations of C1q depleted serum onto subarrays. NC silk 

without scFv was used as a control. (b) Graph displaying target antigen binding to α, NC-α, 

α-NC upon incubation of subarrays with two concentrations of serum collected from SLE 

patient (n.s., not signifcant; **p ≤ 0.01). 

To summarize, in Paper II a procedure to immobilize antibody fragments 

via partial spider silk, which result in well-oriented antibody fragments, was 

demonstrated. Moreover, the use of scFvs covalently attached to the N-

terminus of partial spider silk could yield stable scFvs within array spots. Thus, 

a future use of such in vitro targeting agents for sensitive diagnostics is 

envisioned. 

 

2.2.3 Paper III: Bioactivation of Spider Silk with Basic Fibroblast Growth 

Factor for in vitro Cell Culture: A Step toward Creation of Artificial 

ECM. 

Previously, functionalization of the partial spider silk protein (4RepCT) with 

short cell binding peptides (~1.5 kDa) was investigated (Widhe et al., 2016; 

Johansson et al., 2015). In paper III, for the first time, the possibility to 

bioactivate 4RepCT with a bioactive domain, basic fibroblast growth factor 

(~17.2 kDa) was evaluated. Basic fibroblast growth factor (bFGF) is a 

pleotropic growth factor, which can regulate behavior of multiple cell types, 

including fibroblasts and endothelial cells (McGee et al., 1988; Schweigerer et 

al., 1987). Furthermore, bFGF possess affinity towards heparin and exhibit fold 

dependent activity (Wang et al., 1996). In this study, the gene encoding bFGF 

was genetically fused to the C-terminus of 4RepCT, thereby resulting in a silk-

bFGF construct (Figure 22a). The corresponding silk-bFGF fusion protein was 
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produced in the BL21 (DE3) strain of E.coli and purified using IMAC under 

non-denaturing conditions (Figure 22b). The produced silk-bFGF fusion 

protein could self-assemble into a fiber, demonstrating that the beta barrel fold 

of bFGF did not interfere with the fiber forming ability of 4RepCT (Figure 

22c). 

 
Figure 22. Construction and purification of a silk-bFGF fusion protein. (a) Schematic 

illustration of the silk-bFGF construct. A glycine-serine linker (GS)3 is included between the 

silk part and bFGF. (b) SDS-PAGE analysis of the purified silk-bFGF fusion protein. 

Protein ladder is presented to the left. Target protein band (42 kDa) is indicated with an 

arrow. (c) Light microscopy image of a fiber generated from self-assembly of the silk-bFGF 

fusion protein. Scale bar: 1 mm. Adapted with permission from (Thatikonda et al., 2018). 

Copyright © 2018 American Chemical Society. 

In this study, two different formats of silk-coatings, namely single-coat and 

double-coat were investigated. In single-coat, direct addition of the silk-bFGF 

fusion protein onto a surface was performed. While in double-coat, silk-bGF 

protein was added on top of surfaces previously coated with 4RepCT (WT-

silk). To investigate the assembly of silk-bFGF fusion protein in real-time and 

the viscoelastic properties of thereof formed surface coatings, QCM-D 

measurements were performed (Figure 23). In single-coat format, a decrease in 

the oscillation frequency was observed upon flow of silk-bFGF fusion protein 

on a sensor surface modified to become hydrophobic. Thus, surface assembly 

of silk-bFGF protein into surface coatings was confirmed. Moreover, the 

adsorbed protein was not washed away during 10 min wash with Tris buffer 

(Figure 23a, (i)). In double-coat format, faster assembly of silk-bGF was 

observed, compared to the single-coat format (Figure 23a (ii)). This could be 

due to the favorable interactions occurring between silk-bFGF and WT-silk, 
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compared to less favorable interactions between silk-bFGF and the sensor 

surface (in single-coat). 

Viscoelastic properties of the surface coatings can be obtained from QCM-

D measurements by calculation of dissipation (D) to frequency (f) ratio. This 

information can be used to determine the stiffness of the coatings, which 

previously has been shown to affect cell behavior (Wells, 2008). Silk-bFGF 

coatings obtained using the single and double-coat method generated ΔD/Δf 

values of 0.035 (Figure 23b, (i)) and 0.076 (Figure 23b, (ii)), respectively. 

Double-coat of silk-bFGF seems to be slightly more viscous compared to 

previously reported fibronectin (ΔD/Δf values of ~0.03) (Molino et al., 2012) 

and bovine serum albumin (< 0.01) (Molino et al., 2012). 

 
 

Figure 23. Real time monitoring of silk-bFGF assembly into surface coatings. (a) Graphs 

from QCM-D measurements showing real time formation of single-coat (i) and double-coat 

(ii) of silk-bFGF. (b) Graphs obtained from QCM-D measurements showing frequency shifts 

in relation to dissipation shifts of QCM-D measurements (3rd overtone) of silk-bFGF as (i) 

single-coat and (ii) double-coat. The filled triangle represent the adsorption start of silk-

bFGF while the open triangle represents the adsorption start of WT-silk. Dotted triangle 

represents the flow of Tris wash buffer. Adapted with permission from (Thatikonda et al., 

2018). Copyright © 2018 American Chemical Society. 

Complementary to QCM-D measurements, real time self-assembly of silk-

bFGF fusion protein into surface coatings was further confirmed by surface 

plasmon resonance studies (SPR) (Figure 24). 
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Figure 24. Surface adsorption of silk-bFGF. SPR study demonstrating surface adsorption of 

single-coat silk-bFGF (a), and double-coat silk-bFGF, silk-bFGF on WT-silk (b). Filled 

triangle represents injection of silk-bFGF. Open triangle represents injection of WT-silk. 

Dashed triangle represents flow of 20mM Tris buffer containing 0.5 M NaCl. Adapted with 

permission from (Thatikonda et al., 2018). Copyright © 2018 American Chemical Society. 

Staining with a fluorophore labeled antibody, which is specific toward the 

N-terminal histidine tag present in silk-bFGF confirmed that the double-coat 

format resulted in more uniform and homogeneous coating than single-coat of 

silk-bFGF (Figure 25a, b). Therefore, the double-coat format of silk-bFGF was 

used for receptor binding and cell culture studies. 

When examined by Atomic force microscopy (AFM), the nanotopography 

of silk-bFGF coatings revealed a fibrillar network (Figure 25c). Thus, the 

prepared silk coatings mimics the fibrillar networks present in the extracellular 

matrix rather than a flat coating. Additionally, the silk part will anchor the silk-

bFGF fusion protein in an orientation away from the hydrophobic surface, thus 

protecting the growth factor from denaturation when exposed to a hydrophobic 

surface.  
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Figure 25. Fluorescence staining and AFM imaging of silk-bFGF coatings obtained by self-

assembly onto a solid surface. (a) Representative fluorescence micrographs from staining of 

different silk coatings with a Alexa488 labeled antiHis6 antibody. Scale bar: 100 μm. (b) 

Graph plot of fluorescence intensities from staining of silk-bFGF coatings with an Alexa488 

labeled antiHis6 antibody. The anti-His6 antibody was used to discriminate between silk-

bFGF (containing the His6-tag) and WT-silk (which does not contain the His6-tag). Single-

coat silk-bFGF vs single-coat WT-silk (*p < 0.05), single-coat silk-bFGF vs double-coat 

silk-bFGF (**p < 0.01), double-coat silk-bFGF vs single-coat WT-silk (***p < 0.001). (c) 

AFM images depicting the nanotopography of single-coat and double-coat formats of silk-

bFGF, and single-coat of FN-silk and WT-silk. Adapted with permission from (Thatikonda et 

al., 2018). Copyright © 2018 American Chemical Society. 

A step toward creation of an artificial ECM was tested by combining silk-

bFGF with FN-silk, an engineered spider silk protein created by genetic fusion 

of a RGD cell binding peptide derived from fibronectin to 4RepCT which was 

previously reported to support cell cell adhesion (Widhe et al., 2016). In such 

combined silk coatings, cells are anticipated to adhere onto FN-silk and at the 

same time proliferate in response to the bFGF presented in silk-bFGF. In order 

to verify the applicability of combined silk coatings for in vitro cell culture 

studies, adhesion of primary endothelial cells (HUVECs) on different silk 

coatings was studied in MII culture medium, containing 0.5% FBS and no 

added growth factors. Crystal violet staining of adhered cells revealed 

significantly higher cell adhesion on combined silk coatings compared to other 

silk coatings (Figure 26a).  
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Figure 26.  Adhesion to and proliferation of primary endothelial cells on different silk 

coatings. (a) Representative graph plot of the quantified area of cells adhered to different 

silk coatings. Silk-bFGF, FN-silk, silk-bFGF+FN-silk vs WT-silk (****p < 0.0001), silk-

bFGF, FN-silk vs silk-bFGF+FN-silk (****p < 0.0001). (b) Representative graph plot from 

Alamar blue viability assay demonstrating proliferation of HUVECs on coatings of silk-

bFGF (double-coat), FN-silk (single-coat), silk-FGF+FN-silk (double- coat), WT-silk 

(single-coat), or non-coated culture well (tissue culture treated) in MII medium (contains 

0.5% FBS and no supplemented growth factors). Silk-bFGF+FN-silk vs silk-bFGF, FN-silk, 

TCT, WT-silk (on Day 2,*p < 0.05; on Day 4, ***p < 0.001; on Day 6, ****p < 0.0001). 

Adapted with permission from (Thatikonda et al., 2018). Copyright © 2018 American 

Chemical Society. 

In order to explore the applicability of combined silk coatings for 2D cell 

culture studies, cell viability on different silk coatings was studied using 

Alamar blue and live/dead viability assays. Alamar blue assay demonstrated 

that a double-coat format of combined silk-bFGF+FN-silk supported 

significantly higher proliferation of endothelial cells when compared to other 

silk coatings and the uncoated TCT control (Figure 26b). The promising results 

from 2D cell culture studies motivated us to test the relevance of combined silk 

materials as a tissue engineering scaffold for 3D cell culture.  

Cells, growth factors and scaffolds are generally considered as the tissue 

engineering triad (Langer & Vacanti, 1993). As previously discussed in section 

1.8.4, cells in deeper region of thicker engineered tissue graft (>200 µm) can 

experience hypoxia, mainly due to lack of sufficient vascularization. One way 

to limit hypoxia is by promoting vascularization within engineered tissue 

grafts. This can be possible by bioactivation of engineered tissue grafts with 

angiogenic growth factors, e.g. bFGF (O'Brien, 2011). The feasibility to use a 

multi-functional silk fiber based scaffold bioactivated with growth factors (by 
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silk-bFGF) and cell binding peptides (by FN-silk) was verified in this study. 

Primary endothelial cells that were cultured integrated within a multi-

functional silk fiber scaffold demonstrated significantly higher proliferation 

compared to cells in a FN-silk fiber (Figure 27a), and better spreading (Figure 

27b) when cultured in medium with low serum and no growth factors. These 

results encourage the future prospect to create a vascularized tissue engineering 

scaffold based on functionalized silk. 

 
Figure 27. Culture of endothelial cells (HUVECs) integrated in fibers of silk-FGF+FN-silk 

(combined) and FN-silk (control). (a) Representative graph plot from Alamar blue viability 

assay demonstrating proliferation of HUVECs after integration into silk-bFGF +FN-silk 

(combined) and FN-silk (control) fibers in medium with low serum and no supplemented 

growth factors. Silk-bFGF+FN-silk vs FN-silk (****p < 0.0001). (b) F-actin (green) and 

nuclei (blue) staining of HUVECs integrated within combined and control fibers after 5 days 

of culture in medium with low serum and no supplemented growth factors. Scale bar: 100 

μm. Adapted with permission from (Thatikonda et al., 2018). Copyright © 2018 American 

Chemical Society. 

To summarize, in Paper III a strategy to bioactivate partial spider silk with 

growth factors was reported. As a model growth factor, bFGF was genetically 

fused to the partial spider silk protein. Obtained silk-bFGF fusion proteins 

could self-assemble into surface coatings and to fibers. Moreover, possibility to 

create artificial ECM was verified by combining silk-bFGF and FN-silk 

proteins and using them as scaffolds for 2D and 3D cell culture (Figure 28). 

Use of such multi-functional silk-based scaffolds for creation of vascularized 

engineered tissue constructs is thus envisioned for regenerative medicine 

applications. 
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Figure 28. Schematic representation of multi-functional silk based scaffolds, silk-bFGF and 

FN-silk, for 2D and 3D cell culture studies. 

2.2.4 Paper IV: Artificial VEGFR2-Specific Growth Factors Demonstrate 

Agonistic Effects in Both Soluble Form and When Immobilized Via 

Spider Silk. 

In Paper IV, the possibility to use two affibody-based binders as artificial 

ligands for VEGFR2 signaling was first explored. The herein generated 

affibody-based binders could recognize different paratopes on VEGFR2. The 

individual VEGFR2 binding entities were combined two times in a dimeric 

construct, Zdimer (Figure 29a), and four times in a tetrameric construct, Ztetramer 

(Figure 29b). 

 
Figure 29. Schematics of affibody-based binders for VEGFR2. The affibody entities were 

combined two times as Zdimer (a) and four times as Ztetramer (b). Triple helix structure 

retrieved from Protein Data Bank ID: 2spz. 

Previously, in vitro cell culture studies showed that soluble Zdimer resulted in 

inhibition of VEGFR2 phosphorylation and proliferation of HEK293/KDR 

cells (Fleetwood et al., 2016), thus, confirming the antagonistic nature of 

soluble Zdimer towards VEGFR2 signaling. The receptor phosphorylation 

studies herein performed using soluble Ztetramer resulted in activation of 
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VEGFR2 phosphorylation, thereby, confirming the agonistic nature of soluble 

Ztetramer towards VEGFR2 signaling. Observed cellular outcomes of soluble 

Zdimer and Ztetramer were in line with the illustrations presented in Figure 30a. 

The affibody constructs, Zdimer and Ztetramer, were then fused genetically to 

the partial spider silk protein, 4RepCT with the aim of generating agonistic 

artificial ligands for VEGFR2 signaling. As reported earlier, partial spider silk 

(4RepCT) dimerizes in solution (Nilebäck et al., 2017). We hypothesized that 

silk dimerization might result in an orientation of two dimeric affibodies, thus 

mimicking tetrameric affibodies, which thereby could result in agonistic 

properties (Figure 30b, (i)). Possible cell interactions of Zdimer and Ztetramer after 

their immobilization via genetic fusion to silk are illustrated in Figure 30b. 

 

 

Figure 30. Schematics of possible cell interactions of soluble and immobilized affibody 

constructs. (a) Antagonistic effect of soluble Zdimer (i) and agonistic effect of soluble Ztetramer. 

(b) Antagonistic and/or agonistic effect of immobilized Zdimer (i) and agonistic effect of 

immobilized Ztetramer via fusion to silk. 

Briefly, DNA sequences encoding Zdimer and Ztetramer were genetically fused 

to the gene encoding the 4RepCT protein thereby resulting in Zdimer-silk and 

Ztetramer-silk recombinant constructs (Figure 31a). SDS-PAGE analysis 

confirmed the integrity of the purified Zdimer-silk and Ztetramer-silk fusion 

proteins (Figure 31b). Additionally, the ability of silk fusion proteins to form 
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fibers (Figure 31c) was verified by combining purified Zdimer-silk or Ztetramer-

silk with FN-silk, an engineered spider silk protein that was previously shown 

to support cell adhesion (Widhe et al., 2016). 

 
Figure 31. Construction and purification of VEGFR2 specific affibodies immobilized via 

partial spider silk. (a) Schematics of Zdimer-silk and Ztetramer-silk constructs. (b) SDS-PAGE 

analysis of the purified Zdimer-silk and Ztetramer-silk fusion proteins. Target protein bands are 

pointed with arrows. (c) Light microscopy images of fibers made by combining Zdimer-silk or 

Ztetramer-silk, and FN-silk. Scale bar: 1 mm. 

The ability of Zdimer-silk and Ztetramer-silk fusion proteins to assemble into 

surface coatings was confirmed by QCM-D measurements (Figure 32a). In a 

recent study, we showed that addition of a silk fusion protein as a top coating 

on surfaces earlier coated with WT-silk protein gave rise to more homogenous 

coatings, compared to direct coating of the silk fusion protein (Thatikonda et 

al., 2018). For this reason, Zdimer-silk and Ztetramer-silk fusion proteins added on 

top of surfaces previously coated with WT-silk were used in this study. QCM-

D results confirmed the assembly of both silk fusion proteins into surface 

coatings (Figure 32a). However, the interactions between WT-silk and Ztetramer-

silk (Figure 32a, (ii)) appeared to be less efficient compared to WT-silk and 

Zdimer-silk interactions (Figure 32a, (i)). This might be due to possible 

interference on silk assembly caused by the large size of Ztetramer compared to 

Zdimer. 
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VEGFR2 binding to formed surface coatings of silk fusion proteins was 

studied by surface plasmon resonance (SPR) analysis. The results from SPR 

confirmed a higher receptor binding onto Zdimer-silk and Ztetramer-silk coatings 

compared to WT-silk coating (control) (Figure 32b). However, a lower 

receptor binding was observed for Ztetramer-silk (Figure 32b, (ii)) compared to 

the Zdimer-silk coating (Figure 32b, (i)). This might be due to a lower adsorption 

of Ztetramer-silk on WT-silk coating (Figure 32, (ii)) which resulted in lower 

receptor binding. Thus, results from SPR were correlated with the QCM-D 

measurements. 

 
Figure 32. Self-assembly of Zdimer-silk and Ztetramer-silk fusion proteins into surface coatings 

and receptor binding to thereof formed coatings. (a) Graphs from QCM-D measurements 

showing formation of coatings made of Zdimer-silk (i) and Ztetramer-silk (ii) fusion proteins on 

surfaces previously coated with WT-silk. The third frequency overtones is shown. Open 

triangle indicates injection of WT-silk, whereas closed triangle indicates injection of Zdimer-

silk (in (i)) or Ztetramer-silk (in (ii)) fusion proteins. Dotted triangle indicates injection of 20 

mM Tris wash buffer. (b) VEGFR2 receptor binding to coatings made of Zdimer-silk (solid 

line, (i)) and Ztetramer-silk (solid line, (ii)). Dotted line represents VEGFR2 receptor binding 

to WT-silk coating (i and ii). Arrow represents injection of VEGFR2. 

To verify the relevance of Zdimer-silk and Ztetramer-silk coatings for in vitro 

cell culture studies, receptor phosphorylation and proliferation of 
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HEK293/KDR cells were studied. In order to improve cell adhesion to coatings 

of Zdimer-silk and Ztetramer-silk proteins, they were combined with the FN-silk 

protein, an engineered spider silk protein previously reported to support cell 

adhesion (Widhe et al., 2016). Results from the phosphorylation assay 

demonstrated that cells cultured on Ztetramer-silk coatings showed highest level 

of phosphorylated VEGFR2 receptor. Moreover, Zdimer-silk coatings 

demonstrated higher levels of phosphorylated receptor compared to FN-silk 

and WT-silk coatings. Cell proliferation on different silk coatings was studied 

using the Alamar Blue viability assay. Results from the assay performed on day 

2, 4, 6 and 8 showed higher cell activity on Zdimer-silk and Ztetramer-silk coatings 

compared to non-functional silk, WT-silk coating. As hypothesized earlier, 

results from phosphorylation and proliferation assay thus confirmed the 

agonistic effect of Zdimer and Ztetramer for VEGFR2 signaling, when genetically 

fused to the partial spider silk protein. 

One challenge in tissue engineering is to provide supply of nutrients and 

removal of waste products from the cells located in the deeper regions of a 

engineered tissue constructs (>200 µm thickness) (Novosel et al., 2011). This 

problem could be circumvented by creation of a vessel-like network within the 

engineered tissue construct. In this study, a possibility to create vessel-like 

structures was verified by co-culture of endothelial cells and fibroblasts in FN-

silk foams containing Ztetramer-silk and FN-silk fibrils. 

To summarize, in Paper IV, site-specific and covalent immobilization of 

dimeric and tetrameric affibodies, which possesses affinity for VEGFR2, was 

achieved by gene fusion to a partial spider silk protein. Purified Zdimer-silk and 

Ztetramer-silk fusion proteins could self-assemble into coatings and fibers. 

Moreover, retained VEGFR2 receptor binding onto Zdimer-silk and Ztetramer-silk 

coatings was confirmed. Results from in vitro cell culture studies confirmed the 

retained VEGFR2 cell signaling agnositic effect exhibited by dimeric and 

tetrameric affibodies after immobilization via silk. Moreover, the possibility to 

achieve a vessel-like network in a silk based cell scaffold was verified upon use 

of Ztetramer-silk fibrils. The use of such materials to promote vasculature within 

cell scaffolds could potentially be used in tissue engineering applications. 
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3 Concluding remarks and future 
perspectives 

 The studies presented in this thesis were focused on functionalization of a 

partial spider silk protein, 4RepCT, with affinity and bioactive domains using 

genetic engineering. The applicability of herein generated 

functionalized/bioactivated partial spider silk in disease diagnosis and tissue 

engineering applications was further investigated. 

In paper I, affinity domains of different size and fold, which are genetically 

fused to partial spider silk retain their target binding specificity both when the 

silk fusion protein is coated onto a solid surface and when processed to fiber 

format. This means that the affinity domain part of the silk fusion protein is 

folded in such a way that the binding properties of the added domains are 

maintained and are exposed on the surface of the silk well enough to enable 

efficient binding to their target molecules. 

Growth factors are important cell signaling molecules, which often are 

indispensable for in vitro cell culture studies. In paper I, the feasibility of a 

one-step and two-step procedure for non-covalent presentation of growth 

factors was shown using M4-4RepCT and Z-4RepCT films, respectively. 

Future potential of M4-4RepCT and Z-4RepCT silk with captured growth 

factors as in vitro cell culture scaffold should be evaluated. Due to reported 

high affinity between monomeric streptavidin and biotinylated ligands (Wu & 

Wong, 2005) release of bound biotinylated ligands usually require harsh 

elution conditions (Rybak et al., 2004). To allow milder elution of 

macromolecules captured to M4-4RepCT silk, a biotin analogue reported to 

bind less tightly, desthiobiotin (Hirsch et al., 2002), could be used instead. 
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Previously, fibers produced from the 4RepCT protein were reported to be 

well tolerated when implanted in rats (Fredriksson et al., 2009). Likewise, in 

future, fibers generated from M4-4RepCT silk could be first used to capture 

biotinylated antimicrobial drugs, for example, amikacin (Boyce et al., 1993), 

followed by their implantation to the wounded site. Such type of materials 

carrying antimicrobial drugs could likely be used for local and sustained 

delivery of drugs to alleviate wound healing. 

In paper II, by genetic linkage of single-chain antibody fragments (scFvs) to 

partial spider silk, it is possible to improve signal strength of immunoassays 

where the silk fusion protein is spotted onto a array slide, as compared to 

corresponding array with spots of the antibody fragments alone. The surface 

properties of the array slide were shown to affect the functionality of 

immobilized biomolecules (Seurynck-Servoss et al., 2007). Therefore, future 

study of herein used scFv-silk fusion proteins on various array slides made of 

different materials could provide better understanding for their efficient use as 

capture probes in sensitive diagnostic applications. The shelf life of array slides 

containing capture probes is an important parameter to consider when 

designing a chip for disease diagnosis. Therefore, long term shelf life studies of 

the array slides containing scFv-silk fusion proteins should be performed. 

Two recombinant antibody fragments (αVEGF and αC1q) used in paper II were 

selected from a collection of scFvs that contribute to a candidate protein 

signature for diagnosing the autoimmune disease SLE (Petersson et al., 2014; 

Carlsson et al., 2011). In future, covalent attachment of other scFvs to the N-

terminus of NTCT silk variant could be performed for generation of a sensitive 

nanoarray slide to diagnose SLE disease. 

In paper III, bioactivation of partial spider silk with a heparin binding 

growth factor, basic fibroblast growth factor (bFGF) was achieved via genetic 

engineering. By combining silk-bFGF with FN-silk, an engineered silk 

previously developed to support cell adhesion (Widhe et al., 2016), a step 

toward creation of artificial ECM was verified. The future relevance of herein 

developed silk based cell scaffold in tissue engineering was first verified by 

successful in vitro cell culture studies that were performed in medium 

containing low serum and no added soluble growth factors. In a recent study, a 

domain in placenta growth factor-2 was reported to bind strongly and 

promiscuously to ECM proteins (Martino et al., 2014). In future, fusion of 

genes encoding for such domain and a growth factor to partial spider silk 

should be investigated for its efficient use in tissue engineering. In situations 
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when fusion of dimeric and/or glycosylated growth factors to partial spider silk 

is needed, an immobilization strategy at protein level e.g. sortase mediated 

ligation could be considered. 

In vivo, cells use matrix metalloproteinases (MMPs) for degradation and  

remodeling of the natural ECM (Patterson et al., 2010). Therefore, future 

incorporation of a MMP recognition site between silk and bFGF parts could be 

considered for the release of bFGF. 

Maintenance of pluripotent stem cells in the undifferentiated state requires 

daily change of media supplemented with soluble bFGF (Lotz et al., 2013). 

The possibility to culture pluripotent stem cells on combined silk-bFGF and 

FN-silk coatings in medium without supplemented growth factors should be 

considered. Furthermore, stem cells cultured on such combined silk coatings 

should be stained for expression of pluripotent markers. 

In paper IV, immobilization of two affibody-based binders for VEGFR2 

signaling was accomplished by gene fusion to partial spider silk. Fibrils of such 

silk fusion proteins supported the formation of vessel-like structures within a 

co-culture of fibroblasts and endothelial cells in a silk scaffold. 

Expression of VEGF on endothelial and stromal cells can be stimulated by 

bFGF. The combination of VEGF and bFGF could synergetically increase 

endothelial cell migration and proliferation (Ito, 2011). As stated in paper IV, 

Ztetramer-silk demonstrated agonistic effect for VEGFR2 signaling. Therefore, 

the combination of Ztetramer-silk and silk-bFGF should be considered for 

improved performance of endothelial cells. 

Taken together, the results presented in this thesis highlight the potential of 

partial spider silk functionalized with affinity domains (e.g. scFvs) for 

improvement of analyte detection signal in micro- and nanoarrays. 

Bioactivation of partial spider with cell responsive macromolecules encouraged 

the future use of silk based cell scaffolds in tissue engineering applications. 
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4 Popular scientific summary 

In the recent times, spider silk has been popular for its amazing mechanical 

properties in terms of toughness, strength and elasticity. Spider silk is reported 

to be stronger than steel and high performance synthetic fibers, like Kevlar, by 

weight. Besides amazing mechanical properties, biocompatibility and 

biodegradability exhibited by spider silk materials have made them as a 

promising material for biomedical applications. Certain spiders, e.g. orb 

weaving spiders, can produce several types of silk from various silk glands and 

the produced silks vary in their primary amino acid sequence, physical 

properties and functions. Among several types of silk produced by spiders, 

dragline silk is the strongest and is used to capture their prey. Researchers have 

succeeded in deciphering the valuable secrets shared by spiders. However, still 

there exist no possible way to produce spider silk in commercial quantities. The 

cannibalistic behavior exhibited by spiders restricted their large scale 

production. A considerable effort by researchers had resulted in generation of 

partial spider silk protein in amounts sufficient for certain biomedical 

applications. Furthermore, compared to most of synthetic materials, partial 

spider silk is produced using renewable resources. 

Primarily for economic reasons, E. coli bacteria has often been selected for 

the production of partial spider silk. Since the large gene size of full length 

spider silk cannot be handled by bacteria, pieces of the full length spider silk 

gene have been selected and transferred to bacteria, thus resulting in the 

production of partial spider silk proteins. 

The applicability of produced partial spider silk proteins for applications 

within the field of medicine and biotechnology can be expanded by a process 

called functionalization, in which different biological properties are 

incorporated to partial spider silk. Likewise, this thesis is focused on 
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functionalization of two partial spider silks (4RepCT and NTCT) which has 

been functionalized with different affinity and bioactive domains using genetic 

engineering. 4RepCT and NTCT partial spider silks are derived from the 

dragline silk of the spider E. australis.  

We have shown that different affinity properties can be incorporated to 

4RepCT (in paper I) and NTCT (in paper II) by combining them with different 

affinity domains, which are useful for different biotechnological applications. 

In papers III and IV, we have shown that different bioactive domains can be 

included to 4RepCT. In the silk fusion proteins presented in this thesis, we 

observed the maintained ability of the 4RepCT (in paper I, III and IV) and 

NTCT (in paper II) parts to form fibers even after fusion with different affinity 

and bioactive domains. Furthermore, the target binding properties of the added 

domains are maintained in all silk fusion proteins investigated (paper I-IV). 

In paper I, two different ways to present growth factors that are often 

important for human cell culture was verified using M4-4RepCT and Z-

4RepCT silk materials. Furthermore, the ability to present an active enzyme via 

M4-4RepCT was investigated. In papers III and IV, we could show the 

feasibility to bioactivate 4RepCT with growth factors and mimics of growth 

factor, respectively. Thus, silk materials generated in papers I, III and IV, have 

been considered for their use in tissue engineering applications. 

In paper II, two antibody fragments, chosen from a collection of antibody 

fragments that helps in diagnosing a disease, are genetically attached to 

4RepCT and NTCT silk proteins. We have shown the improved target 

recognition ability of antibody fragments when attached to silk proteins. This 

suggests the applicability of such functionalized silk proteins for applications 

where improvement of target recognition signal is needed. 

Taken together, the applicability of herein developed functionalized partial 

spider silk materials can be considered for disease diagnosis (paper II) and 

tissue engineering applications (paper I, III and IV). 
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