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Abstract. This paper’s primary purpose is to explore why the microstructure of synthetic block 

copolymers and natural spider silk is similar at the nanoscale. This paper analyses the main chain 

segments and secondary structures of natural spider silk, clarifies the aggregation order, and 

introduces the contribution of secondary systems to the properties of natural block copolymers. 

Secondly, combined with the synthesis mechanism of natural spider silk, this paper summarizes 

and analyzes the general process of the synthesized block copolymer. Finally, the conditions of 

self-assembly of artificial fragments to form the structure are analyzed by employing mean-field 

theory and a phase diagram. Natural and ideal synthetic spider silk block copolymers have high 

similarity in performance. To achieve this, scientists can only start from the primary segment to 

understand their arrangement order in the secondary structure. Then the influence of each block 

on the properties of the silk fiber is analyzed. At the same time, the size and shape of self-

assembled block copolymers are controlled at the micro-scale, thereby changing their properties. 

The mechanism above shows that the synthesized spider silk block copolymer is similar to 

natural spider silk in microscopic morphology. 

Keywords: Block copolymers, Spider silk, Micro-phase separation, Self-assembly, 

Microstructure. 

1.  Introduction 

Many natural biological materials have excellent and environmentally friendly characteristics, which 

make various research fields learn from and simulate their structures. Zhang et al. used agricultural solid 

wastes such as rice straw to simulate and synthesize a beetle-like octopus wing plate structure. This 3D 

microstructural structure is a highly evolved design with excellent performance, combining the 

characteristics of lightness, strength, and camouflage [1]. Spider silk has excellent comprehensive 

properties that are unmatched by any other fiber. Its specific strength is five times that of steel, and its 

elasticity is ten times that of aramid fiber. More importantly, it also has the highest fracture toughness 

of all materials [2-5]. Spider silk fibers also showed a special torsional shape memory effect. When 

suspended in the air, the silk fibers allow the spider to spin around and move up and down without 

shaking. No matter how the spider spins, the thread is instantly restored to its original state[6]. 

At the nanometer scale, this paper explores the following content: 

1. Analyze the primary segments and secondary structures of natural silk. 

2. Clarify the polymerization orders and the microstructures of each secondary structure. 

Proceedings of the 3rd International Conference on Materials Chemistry and Environmental Engineering (CONF-MCEE 2023), Part II
DOI: 10.54254/2755-2721/7/20230357

© 2023 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).

85



3. A summary of the contribution of each microstructure to the performance of natural block 

copolymers. 

4. Summary and analysis of the general process of the synthesized block copolymers according to 

the synthesis mechanism of natural spider silk. 

5. Utilizing the mean-field theory and phase diagram, the paper analyzes the conditions of artificial 

fragment self-assembly to form a structure. 

By analyzing the self-assembly conditions of synthetic block copolymers, a theoretical analysis 

method is provided for the further design of block copolymers with different shapes and functions to 

face more applications. It is worth mentioning that exploring how to synthesize block copolymers 

similar to natural spider silk under mild conditions may be of great help to developing the properties of 

synthetic silk to the maximum extent. 

2.  Primary and secondary structures of natural spider silk block copolymers 

Spider silk is tailored for specific purposes and shows tremendous differences in mechanical properties. 

There are significant differences in the performance of spider silk for different purposes. Of course, this 

stems from the difference in their microstructure. The strength (breaking stress) of different types of 

spider silk is between 0.02-1.7 GPa, indicating that the power of some types of silk even exceeds that 

of steel (1.5 GPa). Their flexibility is also very different, in the range of 10%-500% [7]. 

Spider silk is a natural block copolymer, as shown in Figure 1. Take the golden globe weaver spider, 

N. clavipes, as an example. Their ampulla glands can produce a kind of traction silk with high tensile 

strength and high flexibility, which is used to form the framework of spider webs and help spiders hang 

[7-8]. This filament mainly comprises major ampullary dragline protein 1 (MaSp1) and major ampullary 

dragline protein 2(MaSp2). Different spiders have different ratios of MaSp1 and MaSp2, meaning 

different silk fibers’ properties[9]. Among them, the primary small peptide motifs of different types of 

MaSp1 include these three types: poly(A/GA), glycine-rich domain(GGX), and non-repetitive N- and 

C- termini[10]. 

 

Figure 1. Major secondary strictures and their primary fragment arrangement; Reprinted from Ref. 

with permission [11]. 

Araneus diadematus spider produces ADF-3 and ADF-4, similar to MaSp1 and MASp2 proteins, 

respectively, with similar structural sequences and functions[12]. It is worth noting that they do not 

aggregate in the spider body but are separately stored in capsules with different lumens in the form of 

high concentration liquid(molecular weight > 200 kDa). As seen in Figure 2, spiders will expose proteins 

to specific chemical and mechanical stimuli to assemble proteins into fibers when necessary. 

Interestingly, their distribution in spider silk fibers is not uniform[13]. 
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Figure 2. Diagram of main ampullary filament cross-section; Reprinted from Ref. with permission 

[14]. 

 

Figure 3. Spider silk fibers include tiny, tightly packed β-sheet crystals (the red arrow) and 

crystalline regions (the black arrow), as well as a soft amorphous matrix; Reprinted from Ref. 

Permission[15]. 

The prominent physical properties of the significant ampulla traction filaments are derived from the 

primary protein sequence. The primary structure of the spider ligand is a highly repetitive intermediate 

domain. It is composed of alternating polyalanine (Polygala), glycine-rich fragments, and C- and N-

terminal parts. Figure 3 shows alternating polyalanine (Polygala) assembled into an antiparallel β-Sheet 

secondary structure. It forms a crystal domain in spider silk and gives the silk fiber high tensile strength. 

The glycine-rich fragment is mainly composed of the GGX (G: Glycine; X: leucine, tyrosine, or 

glutamine) motif and several other residues such as serine or valine. Their softness gives the spider 

traction on silk elasticity [16]. 

Most spider silk generally consists of four different motifs(see 0): (I) 310-helices form the repeat 

GXX; (II) crystalline β-sheet rich poly(A) / poly(GA) motifs; (III) an elastic beta-spiral region, also 

known as proline-rich region, composed of multiple GPGXX motifs; (IV) a spacer region with unknown 

functions[16]. The interaction between the motif rich in amino acids and GA greatly impacts the 

secondary structure of silk proteins. Different interactions form secondary structures, affecting spider 

silk’s physical properties and promoting silk fibers’ rapid formation(see 0[9, 15, 17]. 
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Figure 4. Secondary structure motifs in spider silk block copolymers; Reprinted from Ref. with 

permission [17]. 

 

Figure 5. Secondary structures contained in several spider silk proteins and their contribution to 

fiber properties; Reprinted from Ref. with permission [15]. 

3.  Design and assembly of synthetic spider silk block copolymer 

Scientists designed and assembled a series of synthetic spider silk block copolymers based on analyzing 

the primary and secondary structures of natural spider silk block copolymers. Among them, polyalanine 

and glycine-rich domains have been studied more, and they will show different phase behaviors in the 
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aqueous solution, which is also the focus of the analysis [18-19]. Examples include the design and 

synthesis of a block copolymer with a unique sequence structure similar to spider silk protein. 

 

Figure 6. A method for synthesizing the microstructures resembling spider silk proteins, the 

resultant block copolymers have β-sheets and a soft amorphous matrix; Reprinted from with 

permission [20]. 

 

Figure 7. Specific condensation reaction equations for polyalanine and glycine-rich fragments; 

Reprinted from with permission [20]. 

Figure 6 and Figure 7 show that the two-step synthesis process prepares spider filament-like multiblock 

peptides. Oligopeptide fragments are similar in sequence to spidroins, namely hard polyAla and soft 

glycine-rich fragments. The two peptides were polymerized using papain to form a polymeric structure 

similar to that found in spider silk fibrin. PolyAla forms β-sheet structures, while poly (glycine-random 

leucine) forms the soft segments between PolyAla sequences which is similar to the spidroin repeat 

domains. Soft segments are rich in glycine and help spider silk stretch. The polymerization was carried 

out in phosphate buffer/methanol at 40°C and pH 8.0 and precipitated by centrifugation to give a white 

powdered polylactic acid [20]. 

4.  Microphase separation of self-assembled spider silk block copolymers 

In this step, employing the mean-field theory and phase diagram (see Figure 8), it is possible to analyze 

the conditions for the self-assembly of the dragline filament(genetic variant HBA-HBA6) of the main 

ampulla of the spider(N.clavipes) to form the tissue structure. Region a(hydrophobicity) is represented 

by polyalanine repeats. The B region (hydrophilic) consists of GGX repeats. The H region (histidine 

tag) consists of six residues and a short linker sequence. The effects of purified tags and linker sequences 

on small peptide fragments need not be considered[21]. 
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Flory–Huggins equation for the Gibbs free energy is as follow: 

∆𝐺𝑚=𝑘𝐵𝑇(𝑁1 ln ϕ1 + 𝑁1 ln 𝜙2 + 𝑁1𝜙2𝜒1) (1) 

(𝑘𝐵 is the Boltzmann constant. 𝜙𝑖  is the percentage of occupied sites.) 

 

Figure 8. Schematic phase diagram of “AB” block copolymers. (f is the volume fraction of one of 

the blocks, χ is the Flory — Huggins interaction parameter between A and B, and N is the total 

polymerization degree of the block copolymer); Reprinted from Ref. with permission [22]. 

As can be seen from the above phase diagram, block copolymer self-assembly into the tendency of 

ordered phase form depends on the strength of the mutual repulsion between each block, expressed with 

χ N, which is suitable for block AB χ Florida — between Huggins (Flory Huggins) interaction parameter, 

N polymerization degree in total for block copolymer. When this value exceeds the critical value of the 

order-disorder transition, the microphase separation will occur. The control block copolymer micro-

phase separation is one of the important parameters χ N, when χ N ≦ 10, weak phase separation occurred; 

When χ N ≧ 10, strong phase separation occurred. AB type deblock copolymers solutes form different 

ordered structures according to the volume fraction of A monomer (the ratio of the length of A block to 

the total length of two blocks). When the volume fraction is small, block A forms microdomains, and 

block B forms matrixes. When large, block B forms microdomains, and block A forms matrixes. 

According to the mean-field theory, in order to make fA achieve 0.50, increasing N over 10.5 is required 

to form ordered structures (e.g., lamellar)[23]. 

 

Figure 9. Molecular self-assembly process of synthetic block copolymers with different contents of 

trap fragments in water; Reprinted from Ref. with permission [21]. 
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As can be seen from Figure 9, since the fA of HBA block copolymers is 14%, which does not meet the 

required value of χ N (it controls the degree of separations), which means tiny fragments are in disorder. 

HBA2(fA is calculated to be 26%) assembles itself into micelles which are bowl-shaped with an overall 

1-3µm in diameter. When fA increased to 36%(HBA3), the granules gradually became spherical and 

then began to appear as tiny, short fibers. When fragment A multiplies to 6, at which time fA exceeds 

50%, small spherical colloidal particles assemble to form large colloidal particles with diameters 

between 30 and 70 microns. It is worth mentioning that these large spherical colloidal particles have 

holes as long as 25 nanometers in diameter[21]. 

It was found that the tendency of the self-assembly behavior of block copolymers to change into 

specific morphology is linearly related to the quantity of hydrophobic blocks(A). The augment of 

hydrophobic blocks changes the self-assembly behavior of block copolymers in both morphology and 

microstructure. On the one hand, with the increase of hydrophobic blocks, block copolymers gradually 

assemble into micelles(1-3μm) from thin films and finally into giant compound micelles(50μm)[21]; On 

the other hand, with the increase of block A, the proportion of β-sheet in silk fiber block copolymers 

scale up. 

5.  Conclusion 

The main reason the microstructure of synthesized block copolymers and natural spider silk are similar 

is that their primary and secondary structures are identical. The conditions of their microstructure self-

assembly are also similar. The secondary structures of the synthesized block copolymers and the natural 

silk block copolymers are mainly polyalanine repeats, GGX repeats, etc. Spider silk protein is stored 

separately in capsules in the body of spiders as complex micellar nanoparticles composed of aggregated 

secondary structures. This high-concentration storage form is complicated for scientists to imitate before 

being extruded from the body. It is also an important reason that limits the microstructure difference 

between the synthetic spider silk block copolymer and the natural spider silk and directly leads to the 

performance difference between them. Therefore, it is crucial to deeply understand the assembly of 

nanoscale proteins to mimic the microstructure and properties of natural silk greatly. Through the 

analysis of the reasons for the microstructure similarity between the synthetic and natural spider silk 

block copolymers, we can clearly see the differences in the arrangement of the primary fragments of the 

two of them and the differences in the synthesis conditions and catalysts at the nanometer scale, and can 

quickly find the reasons for the differences in their performance: On the one hand, the synthetic block 

copolymers are only formed by simple repetitive alternating polymerization of several primary, 

secondary structures, and do not contain some unknown functional regions. On the other hand, unlike 

natural block copolymers, which are stored separately in a highly concentrated form in spiders and 

temporarily and efficiently form silk fibers when they are extruded, synthetic block copolymers are 

formed in experimental vessels after a series of long-time operations.  

Therefore, to make the shape, material, and properties of the synthetic block copolymer more similar 

to natural spider silk, scientists can start with the above two aspects. In addition, the analysis and 

conclusions presented in this paper are based on existing research and experimental data, which have 

certain limitations. More specific experimental operations and phenomena are needed for further 

exploration. 
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