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Abstract: Nature has evolved a range of materials that compete with man-made materials 

in physical properties; one of these is spider silk. Silk is a fibrous material that exhibits 

extremely high strength and toughness with regard to its low density. In this review we 

discuss the molecular structure of spider silk and how this understanding has allowed the 

development of recombinant silk proteins that mimic the properties of natural spider silks. 

Additionally, we will explore the material morphologies and the applications of these 

proteins. Finally, we will look at attempts to combine the silk structure with chemical 

polymers and how the structure of silk has inspired the engineering of novel polymers. 
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1. Introduction 

 

In nature a wide range of materials have properties desirable for man-made applications. One such 

material that has been exploited by man for millennia is silk [1,2], which is produced by various 

arthropods [3,4]. For textile applications, silk from the larvae of the moth Bombyx mori (silkworms) is 

processed on a large scale in silkworm farms. Silk from spiders has also been utilized throughout 
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history, but has never been exploited on an industrial scale [5]. Of note, many spider silks have better 

mechanical properties than silkworm‘s silk [6]. The different properties are due to the different natural 

functions of the material. Silkworms use their silk for protection during their metamorphosis, while 

many spiders use silk to catch prey. Of particular interest are the silks from spiders that produce orb 

webs which are used to catch aerial prey. The silk in these webs needs to be capable of capturing and 

holding the spider‘s flying prey, which requires interplay of various silks with different properties. 

Female orb weaving spiders can produce up to seven different silks which have a range of properties. 

The most extensively characterised of which is Major Ampullate silk (MA silk), and therefore we will 

focus on this silk in this review. Here, we will discuss the current understanding of the specific properties 

of spider silk and how researchers are attempting to use this knowledge to develop new materials. We 

will cover the production of recombinant spider silks and their processing into various material 

morphologies. Additionally we will look into attempts to modify spider silk either genetically or 

chemically to incorporate new functions. Lastly, the question of how silk has inspired the development 

of polymeric materials that mimic its molecular structure for applications will be addressed. 

 

1.1. Silk Structure 

 

All spider silks are made up of proteins that are more commonly termed spidroins. The MA silk of 

the most studied spider genera Nephila, Argiope, Latrodectus and Araneus consists of two proteins 

called Major ampullate spidroin 1 and 2 (MaSp1 and 2). Spidroins share several common features such 

as a core sequence, comprising highly repetitive amino acid motifs, flanked by non-repetitive 

carboxyl- (C-) and amino- (N-) terminal domains [7,8]. Additionally, these spidroins have a high 

molecular weight, 200 to 350 kDa or even larger [9-11]. The spidroins are covalently linked via 

cysteine bridges in their termini and undergo further oligomerization due to their repetitive  

regions [12]. The repetitive regions have an unusual amino acid composition with more than 50% 

alanine (A) and glycine (G) residues. The repetitive regions of MaSp1 consists of repeats of a few GA 

motifs linked to poly-alanine sequences (A)n (n = 4–12) that are followed by several GGX (X = Y, L 

and Q) motifs. MaSp2 also contains poly-alanine stretches, but typically has a higher content of 

proline residues, reflecting the fact that the GGX motif is alternated with the GPGXX motif,  

(X = Q, G, Y) [8] (Table 1). These short motifs have been shown to be clustered into ensemble  

repeats consisting of 20–40 residues where the glycine rich region is terminated by poly-alanine  

stretches [13-15]. Interestingly, if just the proline content is taken into consideration, the two main 

spidroins of the European garden spider Araneus diadematus, which due to historical reasons are 

termed A. diadematus fibroin 3 and 4 (ADF3 and 4), are analogues of N. clavipes MaSp2  

(Table 1) [16]. This finding would indicate a severe difference between MA silks of different species; 

however, similarities between MA silks of different species are higher when hydropathicity of these 

spidroins is considered. Detailed analysis reveals MaSp1/ADF4 to be more hydrophobic while  

MaSp2/ADF3 have more hydrophilic amino acid residues [17], indicating that the main proteins of Ma 

silk reflects a hydrophilic/hydrophobic pair. 

Secondary structure studies of the MA silk fiber indicate that poly-alanine stretches are in an  

anti-parallel -sheet conformation forming crystalline domains with sizes of approximately 2 by 5  

by 7 nm [18-21]. However, only 40% of poly-alanine -sheets in silk fibers are highly ordered while 
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the other 60% exist as poorly aligned -sheet regions [22,23]. The GPGXX and GGX sequences form 

an amorphous region of protein folds that surrounds the crystalline regions of β-sheets (Figure 1) [24]. 

The secondary structure of the GPGXX pentapeptide motif is well understood [25,26]. The GPGXX 

motif likely forms -turns, and in the case of successive repetition a spiral is formed, as suggested for 

elastin [27,28]. NMR studies have shown that a fraction of (GA)n and GGX motifs in major ampullate 

silk are in -sheet as well as less ordered helical structures [23,27]. 

Table 1. Repetitive motifs and corresponding secondary structures as present in N. clavipes 

and A. diadematus MA silk (data taken form [105]). 

Spider MA silk 

protein 

(A)n/(GA)n GGX GPGXX C- /N-terminus 

    
-sheet 310-helix -turn -helix 

Nephila clavipes 
MaSp1     

MaSp2     

Araneus diadematus 
ADF3 

    

ADF4 
 

 
  

Figure 1. Schematic representation of the hierarchical structure of a spider MA silk fiber. 

On the macroscopic level, the skin-core structure can be recognized [106] and on the  

sub-microscopic level, the presence of the aligned fibrils has been shown [107]. The 

nanoscopic structure is represented by poly-Ala -sheet crystals aligned with the fiber  

axis and embedded in the amorphous phase, comprising GPGXX and GGX ensemble  

repeats [108,109]. 

 

Spider silk is famed for its mechanical strength. As an example, MA silk fibers of A. diadematus 

have strength in the range of high-tech fibrous materials (Table 2). Most importantly the toughness of 

spider silk is a lot higher than that of man-made fibers based on its low density, 1.3 g.cm
−3

 compared 

to e.g., 7.8 g.cm
−3

of steel [29]. During applied strain major ampullate silk fibers exhibit a stiffening 

phase quickly followed by a yield point related to material softening, followed by a second stiffening 

phase. A short softening regime can also be observed immediately prior to failure. If the fiber is 

relaxed before it breaks, viscoelastic behavior is observed indicating the presence of a small plastic 

component (Figure 2) [30]. 
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Table 2. Comparison of the mechanical properties of A. diadematus MA silk fibers and 

other natural and synthetic fibers (data taken from [6,29]). 

Material Density 

[g.cm
−3

] 

Strength 

[GPa] 

Stiffness 

[GPa] 

Extensibility 

[%] 

Toughness 

[MJ/m³] 

A. diadematus MA silk 1.3 1.1 10 27 180 

Nylon fiber 1.1 0.95 5 18 80 

Bombyx mori silk (Mulberry silkworm) 1.3 0.6 7 18 70 

Kevlar 49TM fiber 1.4 3.6 130 2.7 50 

Carbon fiber 1.8 4 300 1.3 25 

High-tensile Steel 7.8 1.5 200 0.8 6 

Figure 2. Typical stress-strain curve for a spider MA silk fiber collected from an adult 

A. diadematus female at reeling speed of 20 mm/s (for typical values see Table 2). The initial 

elastic phase provides the Young‘s modulus (approx. 10 GPa), expressing the stiffness of the 

fiber. This area corresponds to the breaking of hydrogen bonds interconnecting so called 

worm-like chains (WLCs) in the amorphous phase. Softening of the material after the 

hydrogen bonds were broken (yield point) corresponds to the further extension of WLCs, 

which behave as entropic springs. The following second stiffening phase corresponds to the 

breaking of hydrogen bonds within the crystalline phase of -sheets. The overall toughness 

of the fiber is comparable to the total energy of the hydrogen bonds formed within the 

amorphous and the crystalline phase. Breaking of the hydrogen bonds upon fiber stretching 

is irreversible in the amorphous phase and reversible in the crystalline phase (stick-slip 

phenomenon) and represents a plausible mechanism for energy dissipation [109-113]. 

 

1.2. A Lack of Natural Sources for Spider Silk 

Spiders produce a wide range of high performance silks which are interesting for many 

applications, but farming spiders is problematic since most spiders are not social creatures, even being 

cannibalistic. Like large scale farming, collecting silk from spiders can be difficult and time 

consuming due to the variety of different silk types which can hardly be separated (except MA silk). 

Silkworms, in contrast, can easily be farmed and their silk is simply harvested from the cocoons 

making silkworm silk collection straight forward. Recent developments in biotechnology have tempted 
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researchers to transfer spider silk genes to host organisms for recombinant protein production. There 

have been two general biotechnological routes by which silk proteins have been produced, firstly 

expression of natural spidroin genes (or fragments thereof) and secondly the engineering of new genes 

encoding proteins that mimic the essential parts of spidroins (Figure 3) [31]. 

Figure 3. Biotechnological production of recombinant spider silk proteins. (A) Structures 

of MA silk repetitive motifs are available from experimental studies using NMR, FT-IR, 

Raman spectroscopy and X-ray diffraction techniques; (B) Information on MA protein 

sequences are available from cDNA libraries; (C) Based on A and B synthetic genes can be 

designed suitable for recombinant expression in traditional host organisms; (D) Engineered 

spidroins can be recombinantly produced e.g., in bacteria such as E. coli using synthetic 

silk genes [114]; (E) Amino acid sequences of designed silk modules A, Q and C are 

derived from the known sequences of the dragline silk proteins ADF4 and ADF3. The 

amino acid sequence is back translated into nucleotide sequences using the bacterial codon 

usage. These repeat units are multimerized to generate synthetic genes coding for the 

engineered proteins eADF4 and eADF3 [50].  
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2. Recombinant Spidroins 

2.1. Recombinant Production of Spidroins from cDNA 

Typically, recombinant protein production depends on a gene encoding a protein from one organism 

being transferred into a production host such as the bacterium Escherichia coli. However, in the case of 

spidroins, which are large repetitive proteins, the expression of the natural genes in several traditionally 

employed hosts creates some problems. The main issue is the DNA codon usage of spiders, i.e., the 

prevalence of specific codons for each amino acid, which is different to that of bacteria and yeasts. 

Spidroin genes have an extreme codon bias, with only a subset of available codons being used [11]. A 

further complication is the issue of homologue recombination in many hosts, which removes repetitive 

sequences. As a consequence, attempts to express MaSp1 genes in E. coli has resulted in extremely low 

yields of the intended protein, and additional attenuated protein sequences being produced [32]. It is 

known that spiders produce silk gland specific pools of tRNAs for glycine and alanine to specifically 

deal with the bias in amino acids [33]. One solution to this problem is over-expression of the gene 

glyVXY in bacterial hosts encoding tRNAs for the triplets GGU and GGC. With such increased tRNA
gly

 

levels, it is possible to achieve much higher silk gene expression levels e.g. in E. coli. The largest MaSp1 

construct tested in such E. coli consisted of 96 copies of its repeating module giving a protein with a 

molecular weight of 285 kDa [34]. Thus it is now possible to bacterially produce spidroins with a size 

similar to that of natural spider silk proteins, and sufficient yields [12]. 

Alternatives to bacterial expression have also been tested. Fragments of MaSp1 and 2 have been 

produced in mammalian cell lines, namely bovine mammary epithelial alveolar cells and baby hamster 

kidney cells. Both of these cell lines have successfully managed to secrete 110 and 140 kDa silk 

proteins, however, the yields dramatically decreased as the size of the protein increased. [35] This may 

be related to a range of factors including inefficient transcription, low gene copy numbers, or a 

limitation of the cellular systems to cope with such large proteins [32]. 

The baculovirus expression system has been used in combination with the insect cell line sf9 to 

express partial genes for ADF3 and 4 [17]. This has been carried further through the use of silkworms 

as production hosts; as these are natural silk producers they should have the capacity to deal with the 

large spider silk proteins. Silkworms have been infected with a baculovirus containing a MaSp1 

fragment (70 kDa), producing reasonable yields up to 3% of the total soluble protein in the BmN cells 

of silkworms [36]. A more recent approach is the first example of transgenic B. mori silkworms, which 

have been transformed with an 83 kDa fragment of the MaSp1 gene from N. clavata. This fragment 

was inserted into a vector with the silkworm sericin 1 promoter to control expression of the fragment 

and to ensure its incorporation into the silk of the cocoon. This vector was then injected into silkworm 

embryos, and successful transgenic individuals were mated to generate G2 descendants. The MaSp1 

fragment was found in the sericin layer surrounding the silk fibers of these transgenic silkworms [37]. 

2.2. Recombinant Production of Engineered Spidroins with Adapted DNA Sequences 

The above mentioned approaches have attempted to express fragments of natural spider genes. 

However, engineering of genes adapted to specific hosts is possible as the amino acid sequences of 

MaSp and flagelliform silk are highly repetitive and based on short motifs (e.g., An, GPGXX). The 
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motifs form specific modules of approximately 30 amino acids which are repeated up to 100 times, 

and these repeated modules form the core domain of spidroins. The modules are highly conserved 

within the respective silks due to intragenic concerted evolution [9]. As such, it is easy for researchers 

to identify the repeats and create new artificial genes encoding such repeats (Figure 3(E)). Basically 

short DNA oligonucleotides are designed that encode the various modules of a specific spidroin. These 

oligonucleotides are then ligated to generate a sequence that is reminiscent of the core sequence of a 

spidroin. Thus, engineered genes with various sizes can be made allowing easy testing of the effect of 

e.g., protein size and sequence on the function of an individual spidroin. In the literature, the vast 

majority of studies employ the sequences from MaSp1 and 2 of N. clavipes, or the sequences for 

ADF3 and 4 from A. diadematus, but some have used the flagelliform repeats of N. clavipes [38-40]. 

The production host most often used is E. coli, but there are also studies using plants as well as 

eukaryotic cells and transgenic animals. In one example of spidroin production in plants, 18 short 

oligonucleotides encoding different repeat units from N. clavipes were assembled into six short 

fragments which could then be ligated to create synthetic spidroin genes of various sizes. The genes 

were transferred to tobacco and potato plants. Production yields from these plants reached levels in 

excess of 2% of the total soluble protein. The recombinant silk protein could easily be purified by a 

combination of heat treatment, acidification and ammonium sulfate precipitation [35,41]. In addition to 

tobacco and potatoes another engineered spidroin based on MaSp1 from Nephila clavipes was 

produced in the seeds of Arabidopsis, yielding 18% of the desired engineered spidroin within the total 

soluble protein, which makes this a viable means of protein production [42,43]. 

Engineered spidroins have been developed based on ADF3 and ADF4 from A. diadematus [44,45]. 

In these engineered spidroins individual modules (A, Q, and C) have been designed in a way that 

multiple units can easily be combined allowing the production of spidroins with various specific 

lengths. The modules A and Q can be combined to produce a mimic of the ADF3 sequence, while the 

C module is the basic module of the repetitive region of ADF4 (Figure 3(E)). Additionally, it is 

possible to enclose the coding sequences with the native N- and C-terminal domains, allowing the 

study of the effect of these terminal regions on self-assembly [45-49]. These spidroins are 

recombinantly produced in E. coli, and the soluble proteins can easily be purified using a heat step, 

followed by an ammonium sulfate precipitation similar to the method used to purify the engineered 

spidroins from plants [41]. With fermentation methods for the growth of E. coli it is possible to get 

protein yields up to 360 mg/L, allowing the easy production of large quantities of recombinant 

spidroins [50]. 

2.3. Processing of Recombinant Spidroins into Fibers 

In this paragraph we will describe the generation of artificial spinning dopes of recombinant 

spidroins for the production of fibers, and how the fibers compare to natural spider silk fibers. A 

technically easy method is the processing of recombinant spidroins from hexafluoroisopropanol 

(HFIP) solutions. The recombinant spidroin is dissolved in HFIP at a concentration in the order  

of 25–30% (w/v) and then extruded through a needle into a coagulation bath e.g., of 90%  

isopropanol [31]. However, the physical properties of such fibers are always orders of magnitudes 

lower than seen in the natural material [51]. Within the spider it is known that the initial spinning dope 
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is an aqueous solution with up to 50% (w/v) protein solution, and that during passage along the 

spinning duct there is a change of ions, a lowering of the pH and also the application of shear forces. 

Therefore, an alternative is to use an aqueous solvent rather than organic solvents. This process utilizes 

the spidroins natural properties to self-assemble by mimicking the process that occurs within the 

spider. This involves a number of factors, firstly a starting solution with a protein concentration higher  

than 15% (w/v). The solubility of a protein in water is affected by the presence of ions. Low 

concentrations of salts tend to improve the solubility of proteins, due to the formation of ion-rich 

hydration layers in the vicinity of charged and polar amino acid residues (as described by the  

Debye-Hückel theory). High concentrations of salt can contribute to protein solubilization (known as 

‗salting in‘) or have the opposite effect, causing the protein to precipitate (known as ‗salting out‘). The 

magnitude of both effects is dependent upon the particular ions. According to Hofmeister`s studies in 

the early 20th century, chaotropic ions stabilize soluble proteins, whereas kosmotropic ions promote 

structure formation and protein aggregation [52-54]. It has been demonstrated that in the absence of 

chaotropic ions (for example, using deionized water) and at subcritical protein concentrations (the 

proteins are completely in solution), a liquid-liquid phase separation takes place, resulting in an 

increased protein concentration in a high density phase consisting of large colloidal assemblies without 

detectable secondary structure. Kosmotropic ions (e.g., ammonium sulfate, potassium phosphate) 

reduce hydration of a polypeptide by partial polarization of water molecules that are hydrogen bonded 

to amide moieties among other effects [55]. Assuming that spider silk proteins are to be intrinsically 

unfolded in aqueous solution, the presence of kosmotropic ions promotes intramolecular interaction of 

the polypeptide backbone and thus may trigger assembly [56]. In contrast, the presence of chaotropic 

salts (e.g., sodium chloride) inhibits aggregation and assembly of the silk proteins and even prevents 

liquid–liquid phase separation. Chaotropic salts tend to interact directly with polypeptide backbones 

thus favoring ‗salting in‘ [29].  

Using partial genes of ADF3 and ADF4 it was found that ADF3 was solubly produced, however, 

ADF4 formed filaments within insect cells, used as production hosts. After purification of ADF4 

followed by denaturation with guanidinium thiocyanate, a subsequent renaturation did not yield 

filaments in vitro indicating that the cellular environment, salts and pH, of the employed insect cells 

was required for assembly. 

Engineered homologues to these proteins were studied using micro-fluidics to determine the effect 

of solvent changes and shear forces on the formation of spidroin fibers. It was shown that the more 

hydrophobic engineered spidroin eADF4 (47 kDa, comprising only part of the repetitive domain) 

formed spherical particles, while the more hydrophilic eADF3 (106 kDa, comprising parts of the 

repetitive domain and the carboxyl-terminal non-repetitive domain) formed fibers under defined 

environmental conditions. However, eADF4 could be incorporated into the eADF3 threads if the 

proteins were mixed prior to phase separation [45]. This study highlighted the requirement of 

simultaneous shear forces and a pH switch to initiate fiber assembly.  

Aggregation of spidroins and the effect of shear forces have been explored further in recent studies 

on the role of the C-terminal domain on the assembly of spidroins. eADF3 with a C-terminus is more 

prone to aggregation while a similar sized protein without a C-terminal domain is less prone to 

aggregation. It can be shown that the C-terminus of eADF3 further increases the aggregation 

propensity of the protein under shear stress. As a consequence it is possible to produce long fibrillar 
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structures with aligned β-sheets, as detected by polarized FTIR. In contrast, in the absence of the  

C-terminus only poorly-defined β-sheet aggregates are formed with no alignment [46]. Solving the 

soluble NMR structure of the C-terminus has helped to explain certain effects. The C-terminus is a 

dimeric parallel five helix bundle, which is stabilized in the presence of sodium chloride. It is proposed 

that this acts to correctly position the repetitive regions so that ordered fibrous assemblies can be 

formed [48]. Additionally, the N-terminal domain has been shown to be a dimeric five-helix bundle, 

but in this case arranged in an anti-parallel fashion [57]. The N-terminal domain dimerizes as the pH of 

the solution is reduced from pH 7.2 to 6.0, which implies that the N-terminus is highly sensitive to the 

pH changes that occur in the spider‘s spinning gland [49,57].  

3. Processing of Recombinant Spidroins into Other Morphologies 

In addition to fibers, spidroins can be processed into a diverse set of morphologies (Figure 4(A)). 

The processing of spider silk proteins can be accomplished from aqueous solutions or organic solvents, 

and together with conditions such as pH, temperature, protein concentration, ionic strength and 

composition, the assembly of the spidroins can be influenced. Thereby the -sheet content and 

alignment of -sheet crystallites vary, which directly influences the function of the obtained materials. 

According to the versatile combination of aforementioned conditions hydrogels, microspheres,  

non-wovens, capsules and films have been successfully produced and intensively studied. 

Figure 4. Processing of recombinant spider silk proteins into various non-natural shapes; 

(A) Apart from the natural MA silk fiber (1) produced by a spider, other morphologies 

such as films (2), capsules (3), microspheres (4) and hydrogels (5) can be prepared from 

recombinant spidroins; (B) Control over the formation of nanofibrils and microspheres: At 

low potassium phosphate concentrations nanofibrils self-assemble, while at high salt 

concentrations microspheres are formed. At intermediate phosphate concentrations the two 

species coexist [53]. 

 

3.1. Hydrogels Made from eADF4 

To our knowledge eADF4 has been one, if not the only recombinant spidroin used for hydrogel 

formation so far. Low concentrations of potassium phosphate (<300 mM) neutralize the coulombic 

repulsion between the negatively charged glutamates of eADF4 and lead to self-assembly of eADF4 

into nanofibrils (Figure 4(B)). AFM analysis revealed an average height of 3.3 ± 1 nm for air-dried silk 
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fibrils, which reflects dimensions similar to that of amyloid-like fibrils [58]. FT-IR spectroscopy and 

X-ray diffraction patterns revealed the presence of an amyloid-like cross- structure in which the  

-sheets are hydrogen-bonded and perpendicular to the fiber axis. The nanofibres appear to be  

semi-flexible with a persistence length in the same order of magnitude as their length. Many of the 

nanofibers also seem to assemble into branched structures by physical crosslinking (hydrophobic 

interactions) resulting in hydrogel formation—a hierarchically spanning network that ultimately 

immobilizes solvating water [59]. The self-assembled hydrogels were disrupted by agitation or 

shearing. Chemical cross-linking of the hydrogels (10 mg/mL protein) with ammonium 

peroxodisulphate and tris(2,2‘-bipyridyl)dichlororuthenium(II) (a light-inducible cross-linker) yielded 

stable hydrogels with linear material response and much greater modulus and strength [59]. Since the 

spider silk hydrogels are stable over weeks and have a high elastic modulus even at low volume 

fractions, they are well suited for many different tissue engineering applications [60]. 

3.2. Spheres Made of Recombinant Silk Proteins 

It is possible to produce spheres from recombinant spidroins by a couple of methods either through 

the relative hydropathies of the solvent and protein or through a salting out process. The first method 

was used for engineered spidroins based on MaSp1 of N. clavipes comprising between 1  

and 6 repeating modules. In these spidroins the -sheet content increased with the repetition number of 

alanine-rich blocks, while sphere formation was found to be related to the solvent environment, with 

sphere formation occurring with shorter proteins in water rather than in isopropanol [61]. The second 

method was performed with eADF4 which solely forms microspheres above a critical potassium 

phosphate buffer concentration (Figure 4(B)). Sphere formation follows a salting-out mechanism 

which can be considered a liquid-liquid phase separation. A nucleus is formed within the protein-rich 

phase, which induces a structural transition in the associated proteins followed by growth of the  

microspheres [53]. Spherical growth stops when the protein concentration in the protein-rich phase is 

below the equilibrium of solubility. Hence, the sphere diameter does not increase further. This model 

is supported by the fact that sphere size (250 nm to 3 µm) depends on protein concentration and 

mixing conditions [62]. Solid microspheres reveal a smooth surface in SEM imaging, and FT-IR 

spectroscopy confirmed a high content of -sheet structure similar to that of nanofibrils [53]. 

The obtained microspheres represent a new class of materials with many possible applications, 

e.g., as drug-delivery systems [63-65]. The soluble unfolded form of eADF4 is prone to interacting 

with hydrophobic surfaces, thus one possible application is to encapsulate water insoluble drugs (as 

shown with the model drug -carotene). Firstly, soluble eADF4 leads to colloidal stabilization of  

-carotene particles, and upon inducing microsphere formation -carotene loaded eADF4 

microspheres form. Digestion with intestinal fluids resulted in degradation of eADF4 protein 

microspheres and in subsequent -carotene release, whereas the microspheres remain intact in gastric 

fluids. This sort of controlled release highlights the potential use of the silk spheres as drug delivery 

vehicles, remaining intact in the stomach and releasing the encapsulated drug in the small  

intestine [64]. Alternatively, the spheres can be used to encapsulate water soluble drugs. Small water 

soluble molecules with positive net-charge can diffuse into the negatively charged spider silk protein 

matrix driven by electrostatic interactions. Several model drugs were applied, and loading efficiencies 
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were determined in dependence of drug molecule properties such as partition coefficient and 

dissociation constant. Further, loading efficiencies, release kinetics and biodegradation of the silk 

protein carriers have been investigated indicating that spider silk spheres have a potential as drug 

carriers where physical toughness is needed in combination with slow biodegradation [63].  

3.3. Capsules Made of Recombinant eADF4 

The amphiphilic character of engineered spider silk proteins causes spontaneous assembly at 

interfaces such as air/water or organic solvents/water [55,56,66]. Emulsification of eADF4 aqueous 

solution in toluene lead to rapid formation of micrometre sized capsules (Figure 4(A)). This process is 

only directed by protein diffusion, and -sheet-rich structures form upon interaction with toluene [67]. 

The entire process is finished in less than 30 seconds yielding mechanically stable capsules that could 

be transferred back into aqueous solutions by centrifugation. This fast and efficient method of capsule 

formation is suitable for the encapsulation of high molecular weight active ingredients. The size of the 

microcapsules (1–30 µm) can be conveniently controlled by adjusting the emulsion droplet size 

through changes in the emulsion shear rate. Since the capsules are porous (MW cut-off of ca. 27 kDa), 

small molecules can freely diffuse through the membrane. The release of active substances from such 

capsules can be triggered by limited proteolysis of the spidroins [67,68]. 

Owing to material strength, biocompatibility and constrained degradation or release behavior spider 

silk capsules similar to microspheres have a high potential for the development of targeted  

drug-delivery systems [69]. 

3.4. Films Made of Recombinant Spidroins 

Films can be cast from either aqueous or organic solutions of recombinant spidroins upon evaporation 

of the solvent. Commonly used solvents are aqueous buffers, HFIP, and formic acid. Several 

recombinant spidroins have been used to cast films [70-72]. The secondary structure of the protein film 

cast from HFIP solution is mostly α-helical and random coil [71], similar to silkworm fibroin films cast 

from the same solvent or aqueous solution [73-75]. In contrast, films prepared from formic acid solutions 

are rich in -sheet structure [74-76]. Post-treatment of the -helical/random coil-rich films by methanol 

or by kosmotropic phosphate ions leads to protein dehydration and induces a -sheet-rich structure 

formation [70,71,76]. The as-cast films are smooth, and the post-processing increases the surface 

roughness [71,72]. Strikingly, only -sheet rich films are stable in water and are even resistant to 

dissolution in very strong protein denaturing agents such as 8M urea or 6M guanidinium chloride, thus 

approaching the chemical stability of natural dragline silk fibres. Generally, increase in the -sheet 

content leads to an increase in the elastic modulus, but a decrease in elasticity. The mechanical properties 

of spider silk films can be rendered more elastic by the relative humidity of the environment or the 

addition of hygroscopic plasticizers like glycerol, which alter intermolecular interactions. As an example, 

a content of 40% w/v glycerol increases the elasticity of a eADF4 film about tenfold, accompanied by a 

tenfold decrease in elastic modulus and a slight decrease in strength [65]. 
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4. Modification of Recombinant Spider Silk Proteins: Generation of Novel Functional Polymers 

Today‘s recombinant spider silk proteins are prevalently based on dragline sequence motifs such as 

poly-alanine, GGX and GPGXX. Apart from silk proteins solely based on dragline silk sequences, 

chemical as well as genetic modifications enable a fine tuning of the properties as well as the potential 

applications of the modified proteins. 

4.1. Chemical Modification of Recombinant Spider Silk Proteins 

Strategies for chemical modification of proteins are nowadays well established and allow efficient 

targeting of nucleophilic and electrophilic groups to amino acid side chains under mild physiological 

conditions [77,78]. Recent developments concerning the incorporation of non-natural amino acids, 

native chemical ligation and bio-orthogonal chemistries have expanded the possibilities for  

site-specific modifications [79,80]. Although the amino acid composition of silk proteins differs 

significantly from common globular proteins, comprising prevalently non-reactive alanine and glycine 

residues (>50%) [29], the presence of carboxyl-terminated glutamic acid and aspartic acid, and  

hydroxyl-terminated serine and tyrosine residues permits the utilization of a broad range of chemical 

reactions. In contrast to modifying globular proteins, chemically altering silk proteins is simplified by the 

intrinsically unfolded nature of the core domain of spidroins in aqueous solution. The structural state of 

spidroins allows chemical modifications under harsh conditions, for example, in organic solvents, at high 

temperatures and in the presence of metal catalysts or initiators of polymerization [81-83]. The 

modifications of a solubilized spidroin or modification of processed spidroins (e.g., cast films) can be 

envisioned and achieved (Scheme 1). Coupling in solution is convenient for the incorporation of small 

functional molecules into bulk material. Coupling after silk processing is valuable for immobilization of 

larger molecules e.g., sensitive enzymes, where the activity has to be preserved for further function. 

eADF4 comprises one glutamic acid residue per repetitive unit, which in addition to the C-terminus can 

be modified through the carboxylic group (Scheme 1(A)). This has been demonstrated through 

carbodiimide/N-hydroxysuccinimide (EDC/NHS) mediated coupling of the model enzyme  

-galactosidase on film surfaces made of eADF4. Fluorescein-5-isothiocyanate, has also been anchored 

on eADF4 film‘s surface via an ethylenediamine linker using carbodiimide activation [70]. 

An alternative to chemical modification of existing reactive side chains in the protein is the 

introduction of a natural reactive group by genetic engineering that does not occur in the original 

protein. eADF4 has been modified by the introduction of cysteine containing modules using two 

independent routes. One possibility is the modification of the basic repeating module of eADF4 

replacing a serine residue with a cysteine residue. In this way it is possible to add this new C* module 

to either end of the existing protein. An alternative is an N-terminal tag consisting of a flexible peptide 

chain which includes a cysteine residue. The cysteine containing proteins can be chemically modified 

through the thiol group with high specificity (Scheme 1). Specific modifications have been 

demonstrated by coupling of fluorescein-maleimide in aqueous buffer. Films of the protein have also 

been functionalized with maleimide modified gold nanoparticles with the aim of developing solid 

phase catalysts or conductive materials. Immobilization of enzymes on films has been shown through 

the immobilization of -galactosidase, which remains functional on the surface, demonstrating that 

these films could be engineered as novel biosensors for applications in life sciences [84]. 
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Scheme 1. Modification of films made of spidroins; (A) Glutamic acid residues within the 

natural sequence can be activated by EDC/NHS reagents and subsequently modified by 

various primary amines [70]; Cysteine variants of engineered spidroins (not naturally 

occurring) allow coupling through maleimide chemistry. Fluorescence labels, functional 

molecules like biotin, active enzymes and gold nanoparticle have been utilized for film 

functionalization [84]; (B) Two strategies for preparation of functionalized spidroin films: 

chemical modification of the protein in solution followed by film casting; or casting followed 

by chemical modification allowing the functionalization of the film surface [84,105]. 

 

4.2. Genetic Engineering: Silk Hybrid Proteins 

Apart from chemical approaches, the functional features of recombinant spider silk proteins can be 

expanded on a molecular level by fusing the silk sequence with the sequence of a functional peptide or 

protein. Such silk hybrids carry new integral functionalities avoiding post-translational chemical 

modification steps, which could be assumed as a drawback in certain applications, (e.g., in 

biomedicine or pharmacy) due to the potential toxicity of some reagents. 

Use of recombinant spider silk chimeras in the field of drug delivery is feasible based on the 

biodegradability and biocompatibility of the silk unit. Poly (L-lysine) is a biodegradable cationic 

polymer which interacts with DNA through electrostatic interaction. Plasmid DNA (pDNA) complexes 

with spider silk-poly(L-lysine) hybrids [85] have been shown to deliver genes to human embryonic 
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kidney (HEK) cells, since these complexes assemble into particles (300–500 nm) suitable for cellular 

uptake. However, the transfection efficiency is not high enough in this approach to reflect a new gene 

delivery system [85]. To improve the delivery efficiency, silk-poly(L-lysine) hybrids have been 

developed that incorporate cell binding motifs to aid in the cellular uptake of the pDNA  

complexes [69,86]. Recombinant silk proteins containing one or more RGD sequences in addition to 

the poly(L-lysine) region, containing 30 lysines, have been developed for gene delivery. The RGD 

sequences are used to promote integrin-mediated endocytosis. By comparing uptake between HeLa 

and HEK cell lines it has been demonstrated that the presence of two or more RGD sequences 

improves the uptake of complexed pDNA especially into cells expressing integrins, such as HeLa 

cells. A recombinant silk protein containing 11 RGD sequences as well as the poly(L-lysine) showed 

the highest transfection efficiency [86]. 

Organic-inorganic hybrid materials incorporating spider silk have been envisioned for some 

applications. In nature such hybrid materials are typically formed through biomineralization processes, 

such as those that form the silica skeletal architectures in diatoms, which are characterized by 

remarkable morphological and nanostructural details [87]. Silaffins are low molecular weight proteins 

involved in silica formation in diatoms. In vitro studies using a peptide derived from the repetitive 

motif found in silaffin proteins (known as the R5 peptide) demonstrated that this peptide promotes and 

regulates silica formation at neutral pH [88]. Genetically engineered chimeric proteins based on 

N. clavipes MaSp1 and the R5 peptide are capable of both self-assembly and biomineralization. This 

fusion protein has been used to electrospin fibers and to cast films from HFIP. Incubation of the fibers 

and films with tetramethoxysilane led to silica formation on top of the silk template [89]. The 

influence of these silk-silica composite systems on osteogenesis was evaluated with human 

mesenchymal stem cells (hMSCs) subjected to osteogenic differentiation. The presence of the silica in 

the silk films influenced osteogenic gene expression and early bone formation, as calcium containing 

deposits were observed on silk films with silica [90]. 

Another approach for using silk in bone formation has been to mineralize it with hydroxyapatite. 

Hydroxyapatite (HA), Ca10(PO4)6(OH)2, is an important inorganic material in bone and dentin [91]. 

Acidic glycoproteins, such as the dentin matrix protein 1 [92], are involved in the nucleation and 

oriented crystallisation of HA, which is a pre-requisite for the remarkable toughness and hardness of 

these tissues. Genetically engineered chimeric proteins, based on sequences of N. clavipes MaSp1 and 

the dentin matrix protein 1, are capable of both self-assembly and biomineralization [93]. Incubation of 

the films in simulated body fluid led to the growth of hydroxyapatite crystals on the surface of the 

film, whereas films cast from the control protein without the dentin matrix protein 1 domain did not 

induce biomineralization [93]. 

4.3. Silk Inspired Synthetic Polymers 

The most common silk peptide motifs incorporated into peptide-polymer hybrids are the -sheet 

sequences relevant for β-sheet formation. Short sequences, are conveniently accessible by common 

solid phase synthesis and already display desirable properties [94]. Poly(alanylglycine) and 

poly(alanine) present in spider silk proteins are responsible for crystallinity and hence stiffness of 

fibers made thereof. A number of silk-inspired polymers containing blocks of -sheet-forming 
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peptides [GA]n or (A)nn and flexible linkers like PEG [poly(ethylene glycol)] have been  

reported [94-98]. The Sogah group has published the most comprehensive studies of silk-inspired 

polymers [99,100]. Multiblock copolymers containing either GAGA tetrapeptides or (A)4-6 peptides 

coupled with a flexible PEG spacer were prepared, and mechanical properties of the cast films from 

HFIP or trifluoroethanol solutions were compared. For all designed polymers, a microphase-separated 

morphology was observed with 20–50 nm β-sheet peptide domains dispersed in a continuous PEG 

phase. However, films processed from poly(alanine) block copolymer solutions revealed better 

mechanical properties (elastic modulus ~310 MPa, tensile strength ~17 MPa, elongation at  

break ~26%) than those of the equivalent polymer containing the GAGA tetrapeptide [101]. Another 

approach has been to take the same tetrapeptide and attach C12 alkyl tails on both ends [102]. It has 

been shown that the tetrapeptide adopts a β-sheet structure in fibrillar networks in various organic 

solvents. The density of these networks results in the formation of organogels and also zerogels once 

the solvent has been removed. Additionally, by varying the length of the alkyl tail, or its composition, 

it is possible to mediate the organogel formed from such molecules [103].  

The molecular structure of spider silk has inspired a number of researchers to apply the same basic 

self-assembly concepts to non-natural systems. One such concept has been to develop a poly-ion 

complex (PIC) from oppositely charged polyelectrolytes that, when complexed, precipitate out of 

aqueous solution due to charge neutralization. By using both poly-lysine and poly-glutamic acid it is 

possible to spin a silk-like thread that can be drawn from a dope solution and passed through a 

dehydration bath. These fibers possess a high extensibility, and as these fibers are stretched they 

become stronger, however, not as strong as spider silk. These fibers have a β-sheet structure, and it is 

proposed that excess of poly-lysine initiates a disordered structure giving the threads their high 

extensibility, reminiscent of the spider silk structure [104]. 

5. Outlook and Conclusion 

There are now a range of recombinant spider silk proteins being studied that are produced by a 

variety of host organisms and at sufficient quantities, to allow the exploration of potential material‘s 

applications. The physical properties of spider silks highlight the potential for threads to act as high 

performance fibers. The main hurdle now for this area is the development of suitable spinning 

technologies to reproducibly form threads with properties similar to that of the natural material. 

Spidroins have also been shown to be versatile proteins with the capability to be processed into a wide 

range of non-fibrous morphologies. Combined with their natural biocompatibility and low immune 

response they are ideal for e.g., biomedical applications. Research is well underway into the fields of 

cell culture and drug delivery applications of these materials. Additionally, the understanding of the 

molecular structure of silks has inspired a range of research utilizing the repeating modules of silk in 

combination with other chemical motifs to develop novel materials. Lastly, the molecular assembly 

process of silk has inspired research into materials based on these concepts in an attempt to take 

advantage of similar assembly mechanics to produce new high performance materials. The research 

area of spider silk and its various applications will likely continue to be an interesting and competitive 

field of research for a long time to come. 
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