
Design, Fabrication, and Function of Silk‐Based Nanomaterials

Yu Wang,
Department of Biomedical Engineering, Tufts University, MA 02155, USA

Jin Guo,
Department of Biomedical Engineering, Tufts University, MA 02155, USA; Department of 
Chemical and Biological Engineering, Tufts University, MA 02155, USA

Liang Zhou,
Department of Material Science and Engineering, AnHui Agricultural University, Hefei 230036, 
China

Chao Ye,
School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China

Fiorenzo G. Omenetto,
Department of Biomedical Engineering, Tufts University, MA 02155, USA

David L. Kaplan,
Department of Biomedical Engineering, Tufts University, MA 02155, USA

Shengjie Ling
School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China

Abstract

Animal silks are built from pure protein components and their mechanical performance, such as 

strength and toughness, often exceed most engineered materials. The secret to this success is their 

unique nanoarchitectures that are formed through the hierarchical self-assembly of silk proteins. 

This natural material fabrication process in sharp contrast to the production of artificial silk 

materials, which usually are directly constructed as bulk structures from silk fibroin (SF) 

molecular. In recent years, with the aim of understanding and building better silk materials, a 

variety of fabrication strategies have been designed to control nanostructures of silks or to create 

functional materials from silk nanoscale building blocks. These emerging fabrication strategies 

offer an opportunity to tailor the structure of SF at the nanoscale and provide a promising route to 

produce structurally and functionally optimized silk nanomaterials. Here, we review the critical 

roles of silk nanoarchitectures on property and function of natural silk fibers, outline the strategies 

of utilization of these silk nanobuilding blocks, and we provide a critical summary of state of the 

art in the field to create silk nanoarchitectures and to generate silk-based nanocomponents. 

Further, such insights suggest templates to consider for other materials systems.
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1. Introduction

A ubiquitous feature of animal silks is the presence of sophisticated nanostructures with 

dimensions ranging from the several to hundreds of nanometers. Typical examples include 

β-sheet nanocrystals (2-4 nm in crystal size), nanofibrils (2-20 nm in diameter), microfibrils 

(20-200 nm in width) and microfibril bundles (several hundred nanometers in width). These 

structures enable the integration of strength, stiffness, and toughness in natural silk fibers, 

and lead to matching essential biological functions, such as mechanical enhancements, 

fracture resistance, protection and prey capture.[1]

With the aim of constructing structurally and functionally optimized artificial silk materials, 

numerous recent studies have focused on directly utilizing these silk nanostructures to create 

functional materials, such as hydrogels, fibers, membranes.[1b] The applications for these 

silk nanomaterials has also expanded from biomedicine to other emerging fields, such as for 

water-treatment, environmentally adaptive materials, and optical and electronic devices.[2]

In addition to important features such as sustainable, biocompatible and biodegradable 

nanomaterials, silk nanomaterials, silk nanofibrils (SNFs) for example, also provide 

naturally inspired designs, fabrication and functional materials through unique architectural 

designs. For instance, fibrillar structures and highly-orientated nanofibrils are ubiquitous in 

the different animal silks.[1a] These material constructions endow outstanding strength and 

toughness, as well as superior fracture resistance of silks, when compared to most 

engineered materials.

Aside from fibrillar nanofeatures highlighted above, other interesting nanoscale features 

found in biological materials include periodic nanoporous structures; universal in biological 

photonic crystals such as bird feathers, butterflies, weevils, and longhorns.[3] Nature uses 

these periodic arrangements of pores to produce structural color for camouflage, avoiding 

the use of organic dyes. In addition, most natural structural materials are grown by 

hierarchical self-assembly and in vivo biomineralization[4], usually involving near ambient 

temperatures and pressure and with water as the key solvent. These material fabrication 

approaches are in sharp contrast to conventional engineering approaches that tend to be more 

energy-intensive and often require the use of toxic agents.

Inspired by these natural strategies for material designs and fabrications, a series of 

advanced fabrication strategies have been reported to generate and tailor the biomimetic 

nanostructures of silk fibroin (SF). For instance, different lithography techniques[5], such as 

ion-beam lithography, electron-beam lithography, soft lithography, and multi-photon 

lithography, have been developed to create silk nanostructures for optical and photoelectric 

applications. Different fabrication methods, such as in vitro biomineralization, spinning and 

membrane formation processes, have also been used to integrate bionanominerals (e.g., 

calcium carbonate, hydroxyapatite, and silica) or carbonic nanomaterials (CNMs, e.g., 
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graphene, carbon nanotubes and graphene oxide) with SFs. These biofriendly, mechanically 

enhanced and functionally optimized nanocomposites combine the property and functional 

advantages of both SF and inorganic nanomaterials, with promising applications in 

biomedical and electronic fields.

This review provides a critical summary of the state of the art in the field of design, 

fabrication, and function of silk-based nanomaterials. We first discuss the structure-property-

function relationships of nanobuilding blocks in silk fibers and review the emerging 

strategies for fabrication and use of natural and regenerated SF nanomaterials. We also 

discuss advanced nanotechnologies for the generation of SF nanocomposites, including SF/

bionanominerials and SF/CNMs. Finally, we conclude by outlining future challenges for the 

development of silk-based nanomaterials.

2. Structure-Property-Function Relationship of Silk Nanobuilding Blocks 

in Nature

Most animal silks, such as spider dragline silks as well as domestic and wild silkworm silks, 

have exceptional mechanical properties.[1c] They exhibit a unique combination of high 

tensile strength, modulus, and extensibility (ductility) (Figure 1A and B). These mechanical 

features are distinct from synthetic fibers and other natural and engineered materials (Table 

1). For example, although the Kevlar fibers are twice as strong as spider dragline silk, the 

extensibility is tenfold weaker.[6] Nylon fiber is another example.[6] Chemically, it is a 

polyamide, a chemical analog of SF, while its strength and extensibility are approximately 

half that of wild silkworm and spider dragline silks. The unique combination of strength and 

extensibility of animal silks enables the fibers to absorb a large amount of energy before 

breaking. As a result, the toughness of animal silks (the area under a stress-strain curve) is 

superior to any other synthetic or biological material (Table 1).[1a]

Considerable research has been devoted to understanding the interplay between the 

molecular structure and mechanical properties of silks, with a goal towards the transfer of 

these insights into artificial material designs.[1c] On the basis of classic polymer theory, 

several structure-property models of silk fibers have been established, including the two-

phase crosslinking network model[7], the mean field theory-based order/disorder fraction 

model[8], and the Maxwell model[9]. However, in these models, animal silks are simplified 

to a uniform polymer fiber, and their mechanical properties are directly related to the amino 

acid sequences (primary structure) and/or the secondary structures. The β-sheet nanocrystals 

and amorphous regions in silk fibers are thought to contribute to the strength/stiffness and 

toughness, respectively. However, animal silks, such as spider dragline silk[10] and Antherea 
yamamai silk (referred to as tensan silk, a natural fiber produced by the Japanese oak silk 

moth)[11] are much tougher than B. mori silk, yet with similar β-sheet contents (Table 2). 

These silks feature outstanding fracture resistance when compared to most synthetic 

polymer fibers.

Careful examination of these animal silks allows the identification of their universal 

structural features at the nanoscale: (i) most silks are composed of hierarchical fibrillar 

structures with a width span from several to hundreds of nanometers[12]; (ii) most silks 
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contain nano-sized defects between nanofibrils, such as cavities and cracks.[11, 13] As an 

example, Figure 2 presents the characteristic hierarchical structure of tensan silk and the 

nanosized defects. These weak interfaces between the nanoscale features do not result in 

brittle failure of silk fibers; in contrast they result in tougher fibers than even defect-free 

fibers, such as nylon fibers.

The combination of computational modeling and experimental characterization techniques 

provides synergistic support to understand structure-process-property relationships of animal 

silk fibers from the atomic scale (Å) to the meter scale (Figure 1C). Some critical evidence 

from both modeling and experimental characterization have disclosed that nature achieves 

high toughness through the design of the hierarchical nanostructures in silks (Figure 3).
[10a, 14] Figure 4 summarizes the typical impact of β-sheet nanocrystals of silks on their final 

mechanical properties. The antiparallel β-sheet nanocrystals in spider silks are typically 

confined to a few nanometres, e.g., 2-4 nanometer in height. This length scale makes the 

most efficient use of hydrogen bonds and results in the emergence of dissipative molecular 

stick-slip deformation, achieving higher strength, stiffness, and toughness than found in 

larger nanocrystals.[14]

Specifically, when β-sheet nanocrystal size is larger than a critical scale (4 nm in length for 

spider silk), the deformation mode of the nanocrystals changes from a favorable shear mode 

into an unfavorable bending mode. In the bending mode, the competing hydrogen bonds are 

in varying extents of compression and tension across the β-strand, which leads to crack-like 

flaws. When there are open cracks in large nanocrystals, water molecules enter the crystal 

regions that are under tension and can disrupt the crystal, leading to earlier catastrophic 

failure through brittle fracture. In contrast, smaller, shear-dominated crystals feature a self-

healing ability unless complete rupture occurs. Hydrogen bonds can reform during stick-slip 

shear motions, significantly increasing the total dissipated energy and protecting hydrogen 

bonds from adverse exposure to the surrounding water.

This nanoconfinement is also found along the diameter of nanofibrils (Figure 3), which are 

confined to a dimension of approximately 20-80 nm[10a]. This size of nanofibrils is 

necessary to achieve superior toughness in the presence of nanosized defects. In these 

regions the failure stresses and strains of defect-containing silk fibers (the crack size is 50% 

the width of the fibers) converge towards defect-free fibers. Also, fibrillar structures in 

spider dragline silk[10a] and tensan silk[11] inhibited the transverse growth of cracks through 

longitudinal splitting when the fiber was stretched. In addition, during fibril stretching, the 

heterogeneous globules/protrusions contribute to the toughness through restricted fibril 

shearing and controlled slippage.[15] All of the above synergic affections at the nanoscale 

result in the ability of silk to maintain near-molecular-level strength at the single fiber scale.
[16]

The roles of the orientation of SNFs on dynamic mechanical properties of silk fibers are also 

exposed through inelastic (Brillouin) light scattering experiments under varying applied 

elastic strains.[17] The uniaxial mechanical anisotropy, nonlinearity, and spatial nonlocality 

generating from highly oriented SNFs provide new synergy for the formation of hypersonic 

bandgaps[18]. However, silk fibers without a hierarchical organization or structural 
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orientation follow anisotropic acoustic behavior and do not form hypersonic bandgaps. As 

the pre-strain of the silk fiber increases from super-contracted to stretched silk, the 

mechanical anisotropy and the nonlocal nonlinearity increases and results in a smaller 

bandgap, preventing the transmittance of a smaller range of frequencies.[18]

3. Fabrication of Silk Nanobuilding Blocks

3.1 SF Self-Assembly in Aqueous Solution

Self-assembly of SF in silk glands and in aqueous solution have been intensively studied in 

the past few decades as a primary route to understand silk fiber formation in both living 

systems (silk glands) and in regenerated silk solutions.[19] In contrast, exploiting self-

assembly as a strategy to understand and fabricate silk nanomaterials is relatively recent. 

Animal silks, especially silkworm silks, can be dissolved to SF aqueous solution through 

various solvent systems, such as LiBr/H2O[20] and CaCl2/ethanol/H2O[21]. The dissolved SF 

molecules are stable as micelles and can further assemble into elongated nanofibrils due to 

amphipathic features (Figure 5A and B).[19b] Different chemical and physical stimuli, such 

as ethanol, heat, mechanical, stirring, and ultrasound, have been used to trigger the self-

assembly of SF.[22]

SNF hydrogels can be generated via self-assembly of SF. One merit of these hydrogels is 

their extracellular matrix-like structure to guide tissue homeostasis and repair.[23] However, 

most SNF hydrogels are mechanically weak due to the absence of chemical cross-linking 

between nanofibrils. Horseradish peroxidase (HRP) cross-linking is a useful route to 

improve the strength of SNF hydrogels without reducing biocompatibility.[24] Another merit 

of SNF hydrogels is their outstanding thixotropic character.[25] For example, the storage 

modulus of SNF hydrogels produced by centrifugation can be recovered to 93% with within 

40 seconds after a shear strain of 5,000%. SNF hydrogels with a concentration of silk of 0.5 

to 2 wt% can be transformed back into the solution state through the addition of water and 

mechanical stirring due to the weak interactions between the SNFs.[22g] In addition, the SNF 

aqueous solution can be directly obtained from SF self-assembly at low SF concentrations 

(below 0.3 wt%) [22e, 26]. Alcohol [22e] or heat[26] can be used to trigger SF self-assembly 

into SNFs.

3.2 SF Self-Assembly on Nanointerfaces

In addition to self-assembly in aqueous solution, SF also can self-assemble at one- to three-

dimensional nanointerfaces, such as water/cellulose nanofibrils[27], water/inorganic 

nanosheets [28] [29] [30] [31], and oil/water interfaces[32]. These nanosized interfacial self-

assemblies improved the properties (e.g., mechanical and biocompatibility) of the material at 

the nanoscale, and also created new nanocomposites for construction of nanodevices.

At the one dimensional scale, cellulose nanofibrils guided SF self-assembly along the fibril 

direction due to modulated interfacial interactions (e.g., hydrogen bonding and hydrophobic 

interactions) along heterogeneous surfaces of amphiphilic cellulose nanofibrils (Figure 5C 

and D). The resultant cellulose/SF nanofibril assemblies maintained the advantages of both 
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the cellulose nanofibrils and SNFs and contained unique “shish kebab” nanostructures, 

allowing further functionalization through protein-based modification methods.[27]

The hydrophobic-hydrophilic surface of graphene oxide (GO), as well as the hydrophobic 

and pure sp2-hybridized carbon surface of graphene, are two ideal 2D interfaces for the 

regulation of SF self-assembly (Figure 5E and F).[28-30] Molecular dynamics simulations[28] 

disclosure that the balance between electrostatic and van der Waals contributions lead to the 

retention of SF secondary structure on the GO surface, while strong van der Waals 

interactions were critical for disrupting secondary structure on graphene surfaces. 

Experimentally, reduced GO nanosheets can direct one-dimensional growth of SF, forming 

unprecedented types of nanohybrids. [29] For example, under specific experimental 

conditions (pH 10-11, the mass ratio of SF:GO between 5:5 to 9:1, and temperature of 

~60-80 °C), SF can grow preferentially and efficiently on reduced GO nanosheets. The 

resultant SNFs entirely covered the surface of single nanosheets, thus enhancing the 

toughness and cytocompatibility of the graphene. Interestingly, fibrillar structures of SF 

were also observed on the SF/graphene nanocomposites[33], which were produced from 

HFIP solvent systems, instead of aqueous solutions. The SNF formation mechanism in this 

process has not been studied. The high β-sheet content and negative charge characteristics of 

SNFs also enabled the effective exfoliation of graphite into graphene in aqueous conditions. 
[34] With the assistance of sonication, a concentration of 1.92 mg mL−1 and yield of ~20% 

were achieved using this approach. Recently, there has been increasing interest in 

understanding the effects of topological constraints on SF self-assembly (Figure 5G and H).
[1a] Spatial constraints can break the symmetry of confined structures, leading to deviation 

from equilibrium morphology.[35] Spherical topologies, either as droplets or thin shells of 

liquid, are particularly interesting because they offer isotropic confinement and controlled 

curvature, usually leading to topological defects in the structure, such as radial declinations 

and dislocations.[36] These conditions are very useful for fundamental studies of particle 

packing and anisotropic self-assembly, but also are a valuable method for designing 

functional materials.

Geometric confinement can be achieved via microfluidic techniques (Figure 6A-D).[32] An 

inherent advantage of microfluidics is that the spinning channel can be designed to control 

the flow of the dope and to optimize processing parameters. Also, some important 

parameters that can alter the mechanical properties of natural and regenerated SF materials, 

such as the gradient of pH, salt, and shear-flow, can be applied in the microfluidic channel. 

A simplified schematic to explain the SF self-assembly process during spinning is shown in 

the bottom right of Figure 6A. At the intersection of three microfluidic channels, the core 

flow of the SF spinning dope is subjected to shell flows caused by the oil flowing along the 

spinning channels (Figure 6B), colliding with it from the sides. The shear applied to SF 

spinning dope further induced the transition of SF from its initial state into highly 

aggregated β-sheet-rich silk microstructures formed as monodispersed microemulsions 

(Figure 6C).[32] Polymorphic SNF nanoarchitectures, such as spheres, cylinders, short fibers, 

thin fibers and thick fibers, have been obtained and are considered aspotential micro-

capsules to store and release drugs and antibodies (Figure 6D).
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Spatial confinement is also a possible strategy for assembling nanobuilding blocks into 

macroscopic hierarchical materials (Figure 6E-G). A pattern molding approach can produce 

centimeter-scale channels with sophisticated geometric constraints, such as anchors, cables, 

lattices, and webs (Figure 6E and F).[37] These pre-designed structures can tailor the 

orientation and gradients of SNFs in materials via shear flow and force extension, offering a 

new route to designing materials with predictable structures and specified mechanical and 

physical properties. For instance, controlled placement of mechanical constraints in the 

molds allows for the generation of three-dimensional architectures with tailed alignment of 

SNFs, thereby achieving hierarchical shapes to adopt to environmental stimuli, such 

ashumidity-responsive designs, Figure 6G.

Superhydrophobic micropatterned surfaces have also been designed to induce the self-

assembly of soluble spider silk protein (referred to as spidroin) into various forms; localized 

coatings, nanowire arrays, and free standing sheets.[38] Among others, aligned nanowires 

with diameters of around 300 nm were generated by moving the silk solution droplet 

laterally with appropriate speed along an array of micropillars with large diameters and 

small interspaces. These protein nanowires are appealing owing to their biocompatibility and 

ease of biological functionalization, with potential applications in optical waveguides and 

other opitical interfaces.

Chiral liquid crystal self-assembly of biopolymer nanofibrils, such as cellulose, chitin and 

collagen nanofibrils, has been investigated in recent years.[39] These self-assembly processes 

and resultant structures are critical for several fields, including chemical separation 

processes, chiral sensors, optical displays, drug delivery, and meso-templates.[40] However, 

the liquid crystal self-assembly of SNF system has not been studied. This field could be an 

exciting research direction in the future because it is beneficial for fundamental studies of 

natural silk spinning, as well as for the design of chiral SF materials.

3.3 Electrospinning

Electrospinning, a fiber production method which uses electric force to draw charged threads 

of spinning dope into fibers with nanosized diameters[41], is a relatively simple and effective 

technique for preparing SF nanofibers. This process offers unique capabilities for producing 

nonwoven fabrics with the controllable surface to volume ratio, pore size, and shape. [42] 

Electrospun SF nanofibers have been widely reported during the last few decades for uses in 

tissue engineering and drug delivery.[43] The structure of SF nanofiber depends both on the 

electrospinning set-up and the characteristic of the SF solution, such as molecular weight of 

SF, concentration, viscosity, conductivity, surface tension and the aggregation state of SF 

chains.[44] The application of electrospun SF nanofibers has been extended to environmental 

fields due to their unique nanoporous structures as well as good optical transparency.[45] 

These materials can be used as a translucent window screen with air-filtering and 

chemosensing functions.[45b] Despite considerable progress with SF-based electrospinning, 

efforts are still needed to improve the mechanical properties of electrospun SF nanofiber 

scaffolds to meet their practical applications, especially in biomedical fields.
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4. Advanced Manufacturing Techniques for Creating SF 

Nanoarchitectures

Nature often uses periodic arrays of nanostructures to manipulate light for survival by 

enabling coloration/camouflage and photoprotection. Periodic helicoidal nanostructures 

(with a mean value of cholesteric pitch of 145 nm) in the epicarp of the fruit of Pollia 
condensata[46] and a hexagonal array of nanotips (∼250 nm tall and a center-to-center 

distance of ∼150 nm) in the Cicada wing[47] are examples. These periodic arrays of 

nanostructures render unique and well-defined optical properties through the efficient 

manipulation of light through absorption, reflection, scattering, diffraction, interference, 

transmission (bulk transparency), wave guiding, and lensing, as well as combinations of two 

or more of these effects. These natural material designs have inspired the fabrication of a 

variety of biomimetic periodic nanostructures.[48]

In particular, decorating SF materials with two- and three-dimensional nanotopographies has 

been pursued.[49] The seamless match between SF and these state-of-the-art 

nanomanufacturing technologies enables the creation of 2D/3D nanopatterned topographies 

to impart new functionalities and opportunities for SF materials. Nanostructuring of SF 

materials, combined with their intrinsic biocompatibility, biodegradability, transparency, and 

robust mechanical properties, allows for interfaces of these optics/electronics with biological 

systems. Optically functionalized SF films are promising materials for colorimetric 

biosensing (2D/3D photonic crystal) or diffraction-based biosensing (diffractive optical 

elements) applications, providing a simple and visual detection approach without having to 

utilize complex optical systems such as fluorescence detection methods. The facile 

formation of free-standing, flexible nanopatterned SF matrices is applicable for implantable 

and bioresorbable optics for biomedical applications, including tracking the biodegradation 

process and to monitor drug delivery, tracking the growth/remodeling of cells, and for 

glucose detection. To date, a variety of solid- and liquid- lithography approaches, as well as 

template-assisted self-assembly, have been utilized to create elaborate architectures of SF on 

the nanoscale.

4.1. Solid lithography

Solid lithography is a method to generate nanostructures on cured SF films through different 

nanolithographic techniques, such as nanoimprinting lithography, electron-beam lithography, 

and ion-beam lithography. Nanoimprinting lithography is a low-cost and straightforward 

nanolithography process with high throughput and high resolution (down to ~50 nm feature 

size). In this process, a nanopattern on a hard-master mold was transferred to the surface of a 

targeted material at elevated temperature and pressure (Figure 7A). For nanoimprinting 

lithography of SF, the dependence of glass transition temperature (Tg) on water content 

within SF films enables the execution of nanoimprinting at different temperatures.[50] For 

instance, SF films prepared at ambient humidity (~35%) have a Tg around 100oC, and thus 

can be nanoimprinted by a heated hard master pattern at 100oC, using ~50 psi for 5 s. Water-

saturated SF films have a Tg around ambient temperature, and therefore can be 

nanoimprinted at room temperature. However, the durability of the master and the cost for 

generating the master need to be considered for practical applications.
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A dry crystallized SF film can also use as a master to replace the hard master. As shown in 

Figure 7B, the nanopattern on dry crystallized SF film can be directly transferred to a wet 

non-crystallized “blank” SF film. This “protein-protein imprinting” strategy significantly 

increases throughput and allows for direct conformal imprinting on nonplanar surfaces due 

to the flexibility of the crystallized SF master.[51]

Electron-beam lithography creates nanopatterns on electron-sensitive films using a focused 

beam of electrons, during which the electron beam changes the solubility of the resist and 

makes the exposed/non-exposed regions be removed by a solvent. For SF based electron-

beam lithography, water is the most common solvent, and the secondary structure of SF 

determines processability. Energy inputs, such as electron irradiation, can induce the 

conformational transition of SF between random coil, helix or β-sheet structure. For these 

secondary structures, random coil SF is soluble while helical or β-sheet crystalline SF is 

insoluble in water. Therefore, SF can be utilized as a positive or negative resist in electron-

beam lithography (Figure 7C).[52] For positive resist fabrication, crystalline SF exposed to 

the electron beam undergoes degradation, resulting in the formation of short water-soluble 

polypeptides, thus creating nanohole arrays after the “water development” process. In 

contrast, high power electron beam drives the amorphous-to-helix conformational transition 

of SF during negative resist fabrication. This processing makes SF water-insoluble. In this 

case, nanoscale pillars are generated by the subsequent “water development” that only 

removes the amorphous SF in the non-exposed regions. More complex pseudo-3D 

nanotopographies and layer-by-layer structures also can be generated by precisely 

controlling the dose of electron irradiation.[53]

Ion irradiation is another stimulus to induce the conformation transition of SF and is widely 

used to tailor the precise nanostructure of SF. Figure 8A demonstrates an experimental route 

to create bionanopatterns using ion-beam lithography.[49] In this experiment, genetically 

engineered spidroin was used as the matrix. When amorphous spidroin was exposed to the 

ion irradiation, etching occurs on the surface of the spidroin film while crosslinking of 

protein occurs underneath the areas that are etched away by the ions. As a result, distinct 2D 

and grayscale patterns were achieved.

Ion-beam lithography offers faster and higher resolution patterning (~10 nm) than electron-

beam lithography (~20 nm) due to the high energy and reduced scattering of the ion beam. 

However, both electron-beam and ion-beam lithography techniques are only capable of 

creating 2D and pseudo-3D nanostructures. To fabricate complex 3D structures, two kinds of 

lithography techniques were combined. As illustrated in Figure 8B, electron-beam 

lithography was used to construct nanostructures from the bottom, through crosslinking of 

SF, while ion-beam lithography was applied to create nanostructures from the top, through 

modulation of structural changes of SF. Following this procedure, 3D nanoarchitectures, 

e.g., nanodisks and nanowebs, were realized.[49]

4.2. Liquid Lithography

Liquid lithography is an approach to process nanostructures directly from aqueous SF 

solution. These techniques include soft-lithography and multiphoton lithography. Soft-

lithography represents a time-effective, convenient, and low-cost lithography strategy for the 
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manufacturing of nanostructures through self-assembly and replica molding. This technique 

empowers the formation of mechanically robust and flexible, optically transparent SF films 

containing intricate 2D and 3D nanopatterns with feature sizes sub-40 nm (Figure 9A).[54]In 

addition, this strategy avoids the utilization of additional harsh chemicals, salts, or high 

temperatures and pressures, thus providing a simple, green and versatile route for the 

fabrication of large-scale SF-based optical and implantable nanodevices.[55]

Multiphoton lithography, however, uses a femtosecond laser to write a desired 3D 

nanoconstruct in a photosensitive material based on two-photon-adsorption polymerization. 

Multiphoton lithography of pure/doped SF inks was realized recently (Figure 9B).[56] In the 

process, SF was mixed with methylene blue (photosensitizer) and a lase was used to 

crosslink the SF/photosensitizer system into arbitrary 3D periodic or non-periodic 

nanostructures. The resultant nanostructures were free-standing and could be further 

functionalized by adding different metal ions (e.g., silver and gold) in the SF inks.

4.3. Template-Assisted Self-Assembly

Inverse opal is a paradigm of template-assisted self-assembly. Inverse opals are a close-

packed array of spherical voids, formed by infiltration of the artificial colloidal crystal 

template with a high refractive index material and the removal of the colloidal spheres by 

chemical etching or calcination. SF can infiltrate into the colloidal crystal template and self-

assemble through control over the dynamics of water evaporation. After removing the 

template, amorphous/crystalline SF inverse opal can be generated. Crystalline SF inverse 

opals with highly-ordered and controllable nanostructures have been obtained by using 

polymethyl methacrylate opals as templates and acetone as the etching solvent[57], even 

though the photonic lattice of the resultant materials were difficult to modulate because the 

SF matrix was physically cross-linked.

Recently, large-scale amorphous SF inverse opals were fabricated using polystyrene 

colloidal photonic crystal multilayers as templates (Figure 10A).[58] The polystyrene 

multilayers were prepared through layer-by-layer scooping transfer of the floating 

monolayers at the water/air interface. Then, SF solution was infiltrated into the PS colloidal 

crystal multilayers, followed by drying. SF inverse opals with amorphous structures were 

then obtained by removing the polystyrene spheres using toluene. As displayed in Figure 

10B, the silk inverse opal showed vivid structural colors due to the diffraction of incident 

light induced by the structural periodicity. Structural colors of these films are tunable by 

bending and knotting because of the angular dependence of the stop-band. Further, the 

lattice constants (and the resulting structural colors) of the films could be reconfigured with 

water vapor and UV light exposure, which are two effects that can induce the 

conformational transition of SF.

5. SF Nanocomposites Synthesized by in vitro Biomineralization

In addition to the architectural designs of the materials, nature also inspires the manufacture 

of materials with desired structures, properties, and functions. Most natural structures are 

formed via self-assembly and in vivo biomineralization, such as calcification[4a-c] and 

silicification[4d, 4e], usually involving conditions near ambient temperatures and pressure and 
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with water as the solvent. This approach to controlled mineralization is in contrast to 

engineering manufacturing approaches that tend to be more expensive and energy-intensive, 

and often require the use of toxic agents. In recent years, many attempts have been reported 

to integrate SF and biomimetic assembly (e.g., in vitro biomineralization) to replicate natural 

structures and properties with the aim of achieving specific functions, such as for utility in 

regenerative medicine, optical devices, and drug delivery systems.

The abundant amino acids in SF can be used as the reductant, template, and capping agent to 

trigger and regulate in vitro biomineralization, such as with calcium carbonate (CaCO3), 

hydroxyapatite (HAP), silica, ferrous oxide and other inorganics. SF-derived in vitro 

biomineralization systems offers unique molecular recognition (amino acid residues/

chemistry) and sequence-specific self-assembly sites with conformational control, the 

capacity of functionalization, multiple modes of processability and ease of formation of 

different solid-state material formats to match various applications.

5.1 In Vitro Calcification

5.1.1 Calcium carbonate—CaCO3 is one of the most abundant biominerals in nature 

with polymorphs including vaterite, aragonite, calcite, monohydrocalcite, ikaite, and 

amorphous structure.[59] At ambient conditions, calcite is the thermodynamically most 

stable CaCO3 polymorph; aragonite is metastable CaCO3 but also widely distributed in 

nacre.[60] Accordingly, extensive studies have pursued the growth of aragonite through in 
vitro calcification, with the involvement of a wide range of soluble and insoluble additives.
[61] SF is water soluble and thus has been a focus as a soluble additive. The advantages of SF 

for calcification include: (i) aspartic acid and glutamic acid residues to provide binding sites 

for calcium ions;[62] (ii) SF contains similar amino acid motifs as that found in the organic 

components of nacre;[63] (iii) β-sheets of SF present a preference for the formation of the 

aragonite polymorph of CaCO3.[64]

SF can be directly used as a trigger and molecular template to control the structure and 

morphology of CaCO3 nanocrystals. This control can be achieved at different structural 

levels, such as via hydrogen bonds, amino acid sequences, and secondary structures. SF-

derived CaCO3 microparticles were successfully fabricated by controlling the nucleation and 

crystallization of CaCO3 microparticles via hydrogen bonding between the mineral and 

protein.[65] At higher structural levels, the acidic amino acid residues in SF provide 

nucleation, while the secondary structures regulate the polymorphs of CaCO3.

Different morphologies (hollow rice grains, hollow spheres) and polymorphs (calcite, 

aragonite) of CaCO3 were obtained by modulating the secondary structure of SF. The 

growth of CaCO3 by employing SF as a soluble additive with short-chain silane self-

assembled monolayers as matrices were studied.[64b] The conformational transition of SF 

from silk I (random coil- and helix-dominated structure) to silk II (β-sheet-dominated 

structure) determined the formation of aragonite. The role of SF for different crystalline 

stages throughout the growth process of CaCO3 was investigated to determine which steps in 

calcification relied on the presence of SF,[66] and indicated that SF affected the morphology 

of vaterite and two morphologies of CaCO3, i.e., lens-like and multilayered vaterite were 

obtained.
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The preparation of CaCO3 particles with homogeneous structures and pure polymorphs has 

also been a focus. Monodisperse vaterite particles with ordered nanostructures were 

fabricated using SF as a crystal modifier via compressed CO2.[67] Particles with disc-like, 

erythrocyte-like, and spherical morphologies were generated under different experimental 

conditions; SF concentration, reaction temperature, and reaction time. Calcification at the 

air/water interface mediated by SF was also explored since SF trends to form complex 

structures at air/water interfaces due to its intrinsic multi-block amphipathy.[68]

Another motivation for SF-derived in vitro calcification is the preference to form aragonite. 

Direct growth or dissolution and recrystallization can achieve this process.[64a] The 

relatively low concentrations of Ca2+ and SF allows for the formation of aragonite needles 

and their aggregates, of which the lattice structure of the precursor is similar to that of the 

organic matrix in the natural shell (i.e., regularly aligned lattice structure composed of 

parallel lines). Higher component concentrations led to the preferential deposition of vaterite 

and thus resulted in the formation of aragonite aggregates via a dissolution and 

recrystallization process (ref). In addition to the direct use of SF as a soluble additive for the 

modulation of calcification, SF-based materials, such as fibers,[69] films,[70] hydrogels,[71] 

and micro-/nanospheres,[72] have been used as templates to control the nucleation or 

polymorphs of CaCO3. For instance, SF microspheres have been used as templates to 

regulate the deposition of CaCO3 crystals.[72] Poly- or mono-disperse SF/CaCO3 composite 

microparticles were synthesized (Figure 11A and B). Degummed B. mori silk fibers and SF 

solution have been combined into a template/additive mineralization system to regulate the 

crystallization of CaCO3.[69] Aragonite crystals nucleated and grew on the fiber surfaces and 

were aligned with the long axis of the fibers. The SF films have also been applied for studies 

of in vitro calcification[70], and the thickness of films had a significant effect on 

calcification. Thin films were conducive to oriented aragonite growth from the surface due 

to the presence of β-sheets or β-strands, while thick films mainly resulted in the formation 

of calcite due to their random coil structures.

Studies of biomimetic mineralization of CaCO3 are motivated not only by scientific issues 

aimed at the elucidation of biomineralization mechanisms evolved in nature, but also by the 

development of biomimetic nacre with hierarchical architectures and excellent mechanical 

properties that are comparable (or even superior) to their biogenic counterparts. One virtue 

of nacre and bone is their organic/inorganic layered nanostructure. Nacre, as an example, 

consists of about 95 wt% of aragonite and approximately 5 wt% of biopolymers [73]. These 

organic/inorganic nanocomposites are further assembled into unique “bricks and mortar” 

structure. This mixture of brittle inorganic platelets and the thin layers of biopolymers makes 

the material strong and resilient. The adhesion by the “brickwork” arrangement of the 

platelets further inhibits transverse crack propagation. This structure, at multiple length 

sizes, dramatically increases itoughness, resulting in materials that are 2-fold stronger and 

1,000-fold tougher than he primary constituents.[74]

Highly-oriented, prismatic-type CaCO3 thin films have been fabricated using SF as a soluble 

additive.[75] As shown in Figure 11C and D, the thin films possessed a three-layered 

structural heterogeneity and showed comparable hardness and Young’s modulus to their 

biogenic counterparts. The introduction of SF significantly improved the toughness and 
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under-water superoleophobicity of the prismatic thin films by inducing exterior micro- or 

nano-textures. However, the calcified crystals in artificial nacre are usually too small in size 

to be associated with the macroscopic mechanical properties of the materials.

Recently, an “assembly-and-mineralization” method (Figure 11E), which combines 

preformed laminated matrices and in situ calcification techniques, have been assessed to 

mimic natural processes to generate macroscale nacre-like materials.[76] The resultant 

millimeter-thick synthetic nacre consisted of alternating organic layers and aragonite platelet 

layers (91 weight percent) (Figure 11F and G), and exhibited good ultimate strength 

(63.8±8.3 MPa) and strain to failure (0.38±0.06%), comparable to natural Anodonta 
woodiana nacre (strength of 124.2±10.3 MPa and strain of 0.34±0.07%). This key report 

paves the new way for the design of various composite materials with unique properties. 

Based on the preference of SF β-sheets to the aragonite phase, and the vertical growth of 

aragonite needles on thin SF films, repeated spin-coating of SF solution and the deposition 

of aragonite crystals should be a promising route to fabricate multilayered organic-inorganic 

hybrid materials with outstanding mechanical properties that match natural nacreous tablets.

5.1.2. Hydroxyapatite—The development of bone substitute materials to mimic the 

hierarchical structure and properties of natural bone has been a hot topic in the field of bone 

tissue engineering for many years. As mentioned above, the main components of natural 

bone are collagen type I and HAP.[77] Artificial collagen/HAP composites bear a similarity 

to natural bone. However, collagen, which can be extracted from some animals (e.g., skin of 

pig and cow) or generated through transgenic techniques, may bring about concerns related 

to cost, quality, purity, immune responses, and contamination risks,[78] along with 

challenges of the retention or reformation of the key hierarchical structures. SF derived HAP 

nanocomposites are a promising route to generate “artificial bone” due to their biomedical 

applicability and robust mechanical properties.[79]

For HAP-based biomineralization, SF also can serve as a soluble regulator to grow 

nanosized HAPs. The introduction of SF regulated HAP nanocrystals grown along their c-

axis, resulting in a structure similar to natural bone.[80] Investigations that separated the 

hydrophobic crystalline fractions and hydrophilic electronegative amorphous fractions of the 

SF demonstrated that only the amorphous fractions formed carbonated apatite when 

immersed in simulated body fluid. These findings support the conclusion that the 

electronegative amino-acidic sequences of SF direct the in vitro mineralization.[81] 

Moreover, SF increased the water dispersibility of HAP nanocrystals, since SF in solution 

adhered on the HAP nanocrystal surfaces and formed a negative charge layer to prevent 

aggregation of the HAP nanocrystals.[82]

Various water-insoluble SF formats, such as fibers,[83] films,[78, 84] nanofibrils/nanoparticles, 
[26, 85] hydrogels,[86] and scaffolds,[87] have been utilized as templates for the deposition of 

HAP nanocrystals. The deposition processes can be conducted through the incubation of SF-

based materials in simulated body fluids or supersaturated HAP solution. Alternatively, the 

SF-based materials can be immersed repetitively in calcium and phosphate-rich solutions. 

For instance, the incubation of spider dragline silk (collected from Daddy Longlegs spiders) 
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in supersaturated HAP solution led to the oriented nucleation of HAP crystals on the fiber 

surfaces.[83a]

The synergistic effects on stereochemistry and crystal plane matching, as well as favorable 

electrostatic interactions between SF and HAP, were found in the production of SF/HAP 

films.[78] The nucleation of HAP enhanced the molecular orientation and crystallinity of SF, 

in contrast, SF promoted the oriented growth of HAP along the c-axis. SF with different 

nanostructures induced the formation of different morphologies of HAP. For example, SF 

nanoparticles induced the formation of rice-like HAP, while SF nanofibers directed the 

formation of HAP nanofibers.[85b, 86a] To mimic the three-dimensional (3D) porous structure 

of bone tissue, pure or hybrid SF hydrogels/scaffolds were used as templates to fabricate 

regenerative bone-containing HAP through calcification in simulated body fluids. SF/sodium 

alginate hydrogels induced the formation of HAP nanorods with rectangular column 

morphologies at room temperature. Arginine-glycine-aspartic acid (RGD) sequence-

functionalized SF preferentially induced the nucleation of HAP crystals, compared to non-

RGD functionalized fibroin.[88] Additionally, HAP binding peptides, such as dentin matrix 

protein 1,[89] VTKHLNQISQSY,[90] were fused with SF derivatives by genetic engineering 

techniques to construct new proteins for site-specific in vitro calcification. The same 

sequence design strategy used in genetically engineered spider SF-silica fusion proteins was 

used in the SF-HAP binding peptide chimeras.[89-90] The SF domains offered processing and 

mechanical support while the HAP binding domains promoted crystallization and enhanced 

the osteoinductive properties of the final nanocomposites.

SF-based electrospun nanofibers were mixed with HAP nanoparticles for in vitro bone 

formation.[91] However, the low mechanical strength limited applications. Recently, 

SNF/HAP nanocomposites with flower-like structures were fabricated through the mediation 

of the growth of HAP in situ by SNFs.[85c] Further, extracellular matrix (ECM)-like 

SNF/HAP hydrogels were fabricated via centrifugation. The hydrogels showed improved 

mechanical properties and remarkable thixotropy, with potential for bone tissue engineering.

When HAP was deposited on the solid SF substrates, the interface bonding between HAP 

and the matrix directly affected the performance of the composites. Cocoon silk fibers with 

sericin have shown advantages in combination with HAP, as sericin can induce the 

nucleation and growth of HAP crystals.[83f] Graft-modified silk fibers are commonly used as 

the matrix for HAP growth. The coating of sintered HAP on silk fibers grafted with different 

functional groups has also been investigated. Rod-shaped HAP nanocrystals were used to 

improve the surface deposition of HAP and thereby increase the interaction between HAP 

and the organic matrix.[83b-d]

Although SF/HAP nanocomposites showed utility in bone repair, the mismatch in 

mechanical requirements remains a challenge for many applications. The enhanced strength 

and toughness of natural bone not only depends on collagen/HAP ratios, but also on the 

highly-organized arrangement of HAP crystals with the collagen fibrils. Therefore, future 

studies could focus on the regulation of the 3D organization of the HAP.
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SF/HAP nanocomposites also show potential for environmental applications. Recently, 

comparative computational simulations based on coarse-grained models of SNFs and HAPs 

revealed that the multilayer structure could only form with weak interactions between 

nanofibrils and mineral plates. Based on this modeling design (Figure 12A), biomimetic 

water purification membranes with well-defined multilayer structures were achieved through 

the self-assembly of SF and in situ growth of HAP (Figure 12B).[26] These membranes 

exhibited highly-efficient water purification capability for dyes, proteins, metal ions and 

nanocolloids.

Most recently, a “in silico design and biomimetic assembly” route (Figure 12C) was 

designed to achieve the de novo fabrication of biomimetic SNF/HAP/chitin nanofibril self-

adaptive materials.[92] This route started from computational modeling design, which 

provided predictions of the mechanical performance and self-folding behavior of the 

materials, which were then experimentally achieved by biomimetic fabrication methods. All 

experimental synthesis was conducted in an aqueous solution with mild and green 

processing. These pre-designed SNF/HAP/chitin nanofibril materials demonstrated highly 

ordered nacre-like structures with high mechanical performance (superior to natural nacre 

and other nacre-like materials) and dynamically interacted with the environment through 

self-folding deformation.

5.2 In vitro Silicification

Natural and bioengineered SFs are usually mixed or fused with silica-binding protein/

peptide, e.g., R5 peptide (a partial sequence of silaffin) and silaffin protein, toward in vitro 
silicification, in order to maintain mechanical strength and processing of the protein while 

enhancing the selectivity of silicification. The integration of these protein components was 

achieved by genetic[93] or chemical approaches[94].

Spidroin derived in vitro silicification was achieved through a family of chimeric proteins 

that combined the R5 peptide with partial domains from the major ampullate spidroin 1 

(MaSp1) of the spider, Nephila clavipes.[93e] In such fusion proteins, the segments from 

MaSp1 self-assembled into different material formats (e.g., films and fibers) through 

versatile processing techniques (e.g., solution casting, artificial spinning) and thus provided 

control over structure and morphology of the composites. Moreover, the R5 peptide domain 

catalyzed and regulated silica deposition under mild reaction conditions. The resulting 

mineralized composites generated silica distributions of 0.5-2 μm in diameter.

Besides the silica nanoparticles, silicified fibers and films were generated by regulating 

processing methods (electrospinning or methanol treatments as examples).[93b, 95]

To understand the synergetic interactions (including protein folding and protein-triggered 

silicification) between the protein and silica in these hybrid systems, three characteristic 

domains were required in spidroin-R5 peptide chimeric proteins, i.e., spidroin-derived core 

silk domain (for material self-assembly), R5 peptide (a silicification domain), and a histidine 

tag (for purification).[96] Computational modeling revealed that the presence of silica and 

histidine domains increased the accessible surface area to positively charged amino acids in 

solvents and reduced the formation of β-sheet structures, thus resulting in higher degrees of 
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silicification. Processing conditions including reaction agents, types of crystallization and 

temperature were also confirmed to impact the secondary structure of the chimeric proteins 

and thus silicification. However, the location of silica domains had a minimal effect on β-

sheet formation and exposure to the silicon ions in the solvents.[97]

The formation of genetically engineered spidroin-silica fusion proteins helped to understand 

the self-assembly behavior in SF derived in vitro silicification, while also establishing new 

material systems for functionalized biomaterials. For example, the genetically engineered 

spidroin-silica nanocomposites demonstrated osteoinductivity in vitro with potential 

applications in bone tissue engineering.[93b, 93e, 98] The presence of silica nanoparticles on 

the protein films promoted hMSCs proliferation, upregulated their osteogenic markers and 

facilitated apatite formation. Furthermore, biodegradable silica particles in the hybrid 

systems led to control over the degradation/remodeling rates of the spidroin-silica 

nanocomposites.[98b, 99]

In addition to bioengineered SFs, R5 peptides also can be chemically coupled to SF to form 

SF-silica chimera nanocomposites. The tyrosine groups in B. mori SF were modified by 

diazonium coupling and carbodiimide /N-hydroxysuccinimide (EDC/NHS) activation in 

preparation for chemical conjugating the silica binding peptide to the SF templates.[93f] 

Upon silicification under mild conditions (room temperature, ambient pressure), silica 

spheres with diameters of ~1.1 μm were formed on the proteinic templates. Higher degrees 

of silicification were observed on the SF-silica chimeras than on genetically engineered 

spider silk-silica fusion proteins, probably because the surface modification increased the 

silica binding sites. Also, the silica formation and the resultant morphologies were tunable 

by variation of the processing parameters, such as the peptide sequences, silk sources and 

synthesis routes.[93f]

These chemically-synthesized SF-silica nanocomposites displayed osteoinductive properties 

in 2D films, with biocompatibility.[79, 100] In these systems, the R5 peptide was chemically 

fused to the SF to control the assembly and deposition of the silica particles for 

osteogenesis.[93e, 93f] To mimic 3D cellular environments in vivo,[101] the R5 peptide was 

coupled to the SF in a through HRP crosslinking to create 3D protein/nanomineral 

composites (Figure 13A and B).[94, 100a] The R5 peptide served as a trigger and regulator 

for in situ silicification.[100a] The gradient distribution of the R5 peptide in the 3D 

composites allowed the morphology and distribution of biosilica nanoparticles to be 

controlled, thus offering gradients of nanocomposites to match mechanical anisotropies at 

osteochondral interfaces.

Additionly, aqueous-peptide inkjet printing and site-specific silicification were developed to 

form macroscale anisotropic structures with tailorable silica micropatterns (Figure 13C). In 

this method, inkjet printing allowed for the direct writing of macroscopic R5 peptide 

patterns with microscale resolution on the surface of SF hydrogels.[102] Then, in vitro 
silicification of the R5 peptide was carried out with the site-specific growth of silica 

nanoparticles on the micropatterns (Figure 13D-F). The dimensions of these micropatterns 

were initiated at the small scale, while they can be scaled to sub-meters to match the 

dimensions of human tissues (e.g., centimeter to meter scale). The resulting mineralized 
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micropatterned systems supported the alignment of human mesenchymal stem cells and 

bovine serum albumin in vitro (Figure 13G).

6. SF/carbon nanomaterials

As discussed in Section 2, animal silks are one of the most robust materials and feature 

advantages in terms of biocompatibility and tunable in vivo degradability. However, these 

merits often still can not meet practical applicationrequirements; strength and stiffness of 

many biological materials, such as bones and teeth, are much higher than that of SF 

materials [103] [104]. Also, many functional applications, such as biosensors and smart 

textiles, require conductivity and thermostability. In these respects, carbonic nanomaterials 

(CNMs), such as graphene, graphene oxide, and carbon nanotubes (CNT), are mechanical 

and functional complements to SF materials. Owing to their sp2 carbon honeycomb 

structure, most CNMs, such as graphene and CNTs, are electrically conductive (terms as 

conductive CNMs) and known as the strongest material with a tensile strength of 130 GPa, 

about 200 times stronger than steel [105]. Therefore, integration of tough silk and stiff CNMs 

is a rational route to make mechanical and functional enhanced materials (Figure 14).

Among the different material forms, the fibers were particularly interesting in the SF/CNM 

system, due to advantages in processability and mechanical properties. However, SF was 

immiscible with conductive CNMs, especially with high volume CNMs fillings, owing to 

their strong π-π interaction, hydrophobicity, and chemical inertness. Alternatively, graphene 

oxide (GO), which has epoxy and hydroxyl groups on its graphene basal plane and 

carboxylic groups along the edges, was often used as a conductive CNM substitute to 

combine with SF[106]. Different spinning technologies, including electrospinning[107], dry 

spinning[106b, 108] and wet-spinning[109], have been applied to fabricate SF/GO fibers. Most 

of these SF/GO nanocomposites demonstrated enhanced mechanical performance when 

compared to the individual counterparts, which were typically stiffer than pure SF materials 

and tougher than GO materials (Table 3).

However, mechanically, GO is much weaker than conductive CNMs, and electronically, it is 

an insulator.[110] These two critical disadvantages of SF/GO nanocomposites hinder their 

functional applications, for example, in electronic and energy storage-related fields. To 

maintain the advantages of conductive CNMs, several groups have attempted to feed 

conductive CNMs to silkworms and spiders to produce silk/CNMs fibers directly.[111] The 

advantage of these approaches is the retention of the mechanical superiority of natural silk 

fibers. The addition of the conductive CNMs can also enhance the strength and modulus of 

silk fibers. However, in these SF/CNM systems, the content of CNMs was insufficient to 

reach conductive percolation thresholds, thus limiting this approach for the production of 

conductive silk fibers.

Dip coating is another useful strategy to build SF/CNM fibers.[10b, 112] The resultant fibers 

usually are core-shell structures. Thus, the shell SF fiber is a mechanical layer while the 

shell CNM layer endows conductivity and other functions, such as hydrophobicity and 

solvent resistance properties. Amine-functionalized CNTs has been used to coat with spider 

silks due to their strong affinity, assisted by water and mechanical shear (refs). After this 
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process, the CNTs adhered uniformly to the silk surface and produced tough, custom-shaped 

and electrically conducting fibers (Table 3), which were reversibly sensitive to strain and 

humidity.[10b] [112] To increase the bonding between silk fibers and conductive CNMs, 

several solvents, such as HFIP and formic acid/CaCl2, have been used.[10b, 33] These 

solvents disperse and stabilize the conductive CNMs, and also allow the partial dissolution 

of the silk fiber surface. A concern with these dip-coated silk/CNM fibers and textiles is 

washing resistance. Thus far, no detailed standard assessments of the materials for these 

applications have been addressed.

Membranes (also films and papers) are another material format for SF/CNM 

nanocomposites. Solution-casting, vacuum filtration, spinning coating, dip coating, transfer 

printing and direct writing are the most straightforward methods for making homogeneous 

SF/CNM nanocomposite membranes, as well as patterned SF/CNM membranes. The initial 

motivation for these studies was to mimic nacre-like structures. Nacre-like SF/GO 

membranes were assembled through solution-casting[106a] [113], vacuum filtration[29], and 

layer-by-layer spinning coating [106c, 114]. Benefiting from a dense network of weak 

interactions between the SF and GO surface, these SF/GO nanocomposites achieved 

remarkable mechanical properties. For example, spin coated ultrathin SF/GO membranes 

had a tensile modulus of 145 GPa and ultimate strength of more than 300 MPa (Table 3).
[114] In particular, the modulus was by far the highest value that has been reached in SF/GO 

systems. However, the toughness of these SF/GO systems left room for improvement. For 

example, the toughness of ultrathin SF/GO nanocomposites with a SF content around 80% 

was around 2.2 MJ m−3, which was inferior to several polymeric/GO nacre-like membranes, 

such as polycaprolactone (PCL)/GO and cellulose/GO nanocomposites.[115] Most recently, 

an ultrahigh stretchable SF/graphene membrane was synthesized by addition of Ca2+ ions. 

The resultant membrane achieved a strain to failure of 611 ± 85%, which was comparable to 

natural elastomers and higher than synthetic elastomers (Table 3).[33]

In addition to developing mechanically enhanced membranes, conductive SF/CNM 

membranes can be utilized for electronic devices. These smart SF/CNM systems can detect 

and monitor surroundings and communicate the acquired physical data (e.g., force, strain, 

temperature, and humidity) based on variations in electrical parameters (e.g., resistance, 

capacitance, piezoelectricity, and triboelectricity).[116] Most electronic SF/CNM materials 

can be simplified into two-component systems: the conductive composition of CNM and a 

flexible SF substrate. The conductive CNMs endowed the electrical response with 

environmental stimuli, while the flexible SF substrate provided the deformability and 

conformability. Several unique merits of SF, such as optical transparency, biocompatibility, 

and biodegradability, further promote the applications of electronic SF/CNM devices in 

biomedical fields. So far, smart SF/CNM systems have been designed as biosensors, strain 

sensors and e-skins and have been described in a recent review.[117]

5. Conclusions and Outlook

In the first section of this review, we summarized how spiders and silkworms use 

nanoconstructions to impact the functions of silk fibers. Understanding “structure-property” 

relationships of animal silks at the nanoscale offers the possibility to enhance the physical 
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properties and function of engineered SF nanomaterials. However, some nanosized structural 

characters of natural silk fibers require further investigation. For example, (i) the precise 

dimensions of single SNFs and (ii) the secondary structure organization of SFs in single 

SNFs remains unknown. The challenge to experimentally examine the nanobuilding blocks 

of silks is the lack of effective approaches to isolate and retain these nanobuilding blocks for 

characterization. Ultramicrotome approaches allows slicing silk fibers into thin sections, 

which are useful for the characterization of fibrillar topology. However, these methods only 

detect the surface morphologies of the fiber sections and cannot offer the detailed 

hierarchical nano-architecture information of the fibers [7]. Integration of partial dissolution 

and physical dispersion has achieved exfoliation of silk fibers at the single SNF level. 

Comprehensive characterization of these SNFs may provide some insight that relates 

nanostructure of natural silks to function.

In the second part of the review, we comprehensively discussed engineering routes to design 

and fabricate functional SF nanomaterials. Significant improvements have been achieved in 

recent years, while critical questions remain: (i) how to optimize “structure-property” 

relationships of engineered SF nanomaterials, and (ii) how to maintain the advantages 

presented at the nanoscale with nanomaterials into the macroscale. For example, SF-derived 

in vitro biomineralization is still unable to directly generate macroscopic materials with 

sophisticated structures as displayed in natural materials. Most of the in vitro 
biomineralization methods can only be used for the synthesis of nanoscale inorganic 

particles, and it remains a challenge to achieve the macroscale. Similar issues remain in 

advanced nanomanufacturing techniques. Nanolithography technologies, for instance, 

generate high-quality and high-resolution SF nanostructures, but these methods remain 

challenging to create sophisticated 3D nanostructures. Further, the cost and efficiency of 

these techniques, as well as the mechanical stability of patterned SF nanomaterials, remain 

essential to consider in future applications.

In practice, the properties and functions of silk-based nanomaterials depend not only on the 

composition, but also on structure, spatial organization, distribution of each component and 

the interface between components. Accordingly, the rational design and controlled 

fabrication of silk-based nanomaterials is important for the realization of improved materials 

performance and to enhance our understanding of fundamental structure-property 

relationships of SF materials. In the future, a better understanding the molecular 

mechanisms by which SFs interplay with other functional nanomaterials can help to guide 

the fabrication of high-performance macroscopic nanocomposites with desired structures, 

properties and functions.
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Figure 1. 
Mechanical properties of typical biomaterials and tools for characterization. A, Stress–strain 

curves of A. yamamai silk, B mori silk, and Nephila edulis dragline silk compared with 

Kevlar 46 and nylon 66 fiber. Reproduced with permission.[11] Copyright 2018, American 

Chemical Society. B, Comparison of the strength and stiffness (Young’s modulus) for 

various biomaterials. Reproduced with permission.[118] Copyright 2011, Springer-Nature. C, 

Comparison of timescale and lengthscale of different tools for the rational design of 

nanomaterials. Reproduced with permission. [1a] Copyright 2018, Springer-Nature.
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Figure 2. 
Hierarchical structure of A. yamamai silk fiber. A, schematic of the hierarchical structure of 

A. yamamai silk. B-C, polarized light microscopy image of A. yamamai silk. D, the cross-

sectional SEM image of A. yamamai silk after tensiled to fracture. E, cross-sectional SEM 

image of A. yamamai silk fiber embedded in epoxy resin. Reproduced with permission. [11] 

Copyright 2018, American Chemical Society.
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Figure 3. 
Summary of structural hierarchy of spider silk spanning length scales from angstroms to 

centimeters, with crucial mechanisms that define its mechanical function.[16a]
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Figure 4. 
Nanoconfinement in spider silks and their effects on mechanical properties. A, schematic 

illustrates the relationships between β-sheet nanocrystal dimensions and their corresponding 

mechanical properties. S=schematic plot of the strength of a β-strand as a function of strand 

length h, F=strength of nanocrystal as a function of crystal size L, T=toughness of 

nanocrystal as a function of crystal size L. B, schematic illustrates the mechanism of how 

hierarchical structure formation in the strand length h and crystal size L of the β-sheet 

nanocrystals lead to the formation of their high mechanical performance. [14] Copyright 

2010, Springer-Nature.
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Figure 5. 
Self-assembly of silk fibroin. A, Illustration of SF fibrils in Aqueous solution. B, AFM 

image of SF fibrils. Reproduced with permission.[22e] Copyright 2014, Wiley-VCH. C, 

Illustration of SF assembled with Nanofibril interface. D, AFM image of assembled SF-30 

wt% CNF materials. Reproduced with permission. [27] Copyright 2017, American Chemical 

Society. E, Illustration of SF fibrils assembled with graphene nanosheet. F, AFM image of 

the hybrid prepared from SF/graphene (8:2) assembly at pH 10.3. Reproduced with 

permission.[29] Copyright 2017, American Chemical Society. G, Illustration of SF assembly 

within oil/water interface. H, 3D reconstructions of confocal images of silk micrococoons 

assembled by SF. Reproduced with permission.[32] Copyright 2017, Springer-Nature.
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Figure 6. 
Confined self-assembly of SF. A, Illustration of microfluidic device for confined self-

assembly of SF with oil/water interface. B, Photograph of the microfluidic device, the inset 

is optical microscopy images of the fluid channel in the microfluidic device. Scale bar, 20 

mm. C, Illustration of the sphere assembled with SF by the microfluidic device. D, Bright 

field microscopy images of various SF micrococoons. Scale bar, 5 mm. Reproduced with 

permission.[32] Copyright 2017, Springer-Nature. E, Illustration of a groove on a soft 

substrate with the confined shape. F, Polarization microscopy image of large-scale structures 

of silk fibrils composed of tri-hexagonal components. Inset: Camera images of the whole 

structure taken under the diffuse white light. Scale bars, 1 mm. G, Buckling of high-aspect-

ratio beams with increasing birefringence/alignment of fibers induced via contraction. Cl, 

Cm, and Ch indicate samples respectively with low (10–25%), medium (25–40%) and high 

(>40%) contraction. Reproduced with permission. [37] Copyright 2017, Springer-Nature.
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Figure 7. 
Nanoimpriting and electron-beam patterning for the manufacture of SF nanostructures. A, 

Schematics of two nanoimprinting processes: hot embossing and room-temperature 

embossing. AFM and SEM images of period patterns in SF film. Reproduced with 

permission.[50] Copyright 2010, Wiley-VCH. B, Schematics of the protein-protein 

imprinting process and the corresponding SEM images showing the patterns of crystallized 

SF master (yellow) and imprinted amorphous SF (blue). Reproduced with permission.[51] 

Copyright 2013, Wiley-VCH. C, Schematic of all-water-based electron-beam patterning on a 

SF film. Dark-field and electron microscopy images of SF nanostructures generated on the 

positive and negative resist. Scale bars, 1 μm. Reproduced with permission.[52] Copyright 

2014, Springer-Nature.
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Figure 8. 
Ion-beam lithography for the manufacture of SF nanostructures. A, Schematic of 

nanopatterning on genetically engineered spider silk using ion-beam lithography. SEM 

images of fabricated nanopatterns and grayscale patterns. Scale bars, 1 μm. Reproduced with 

permission.[49] Copyright 2018, Wiley-VCH. B, Schematic of the creation of 3D 

nanostructures using ion-beam lithography combined with electron-beam lithography. SEM 

images of fabricated 3D nanodisks and spider nanowebs. Fluorescent images showing the 

maintaining of the activity of the dopants in the spider silk. Reproduced with permission.[49] 

Copyright 2018, Wiley-VCH.
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Figure 9. 
Soft lithography and multiphoton lithography for the manufacture of SF nanostructures. A, 

Schematic of the soft lithography process. SEM and AFM images of the surface of a SF film 

with a periodic square pattern of air holes. Reproduced with permission.[54a] Copyright 

2008, Wiley-VCH. B, Schematic of multiphoton lithography using diversiform SF based 

aqueous inks. SEM images of all-SF-based 3D micro/nanosculptures. Scale bars: 1 μm. 

Reproduced with permission.[56] Copyright 2015, Springer-Nature.
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Figure 10. 
Template-assisted self-assembly for the manufacture of SF nanostructures. A, Schematic of 

preparation of large-scale patterned SF inverse opal. B, SEM image showing highly-ordered 

hexagonal arrays and photograph of a large-scale bent SF inverse opal. Floral pattern created 

by selectively exposing part of SF inverse opal to water vapor or UV for different times, 

respectively. Reproduced with permission.[58a] Copyright 2017, Wiley-VCH.
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Figure 11. 
Biomineralization of CaCO3 using different SF formats. A and B, Schematic (A) and SEM 

image (B) of CaCO3 with silk nanoparticles as a template. Reproduced with permission.[72b] 

Copyright 2015, American Chemical Society. C and D, Schematic (C) and SEM image (D) 

of prismatic-type thin film. Reproduced with permission.[75] Copyright 2017, Nature 

Publishing Group. E, Fabrication scheme of the synthetic nacre from chitosan/acetic acid 

solution, F, Photograph of the bulk synthetic nacre. Scale bar, 1cm. G, cross-sectional SEM 

image of the synthetic nacre. Scale bar, 3 μm. Reproduced with permission.[76] Copyright 

2016, AAAS
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Figure 12. 
Preparation of high-performance nanomaterials under computer simulation guidance. A, 

Coarse-grained computational MD simulations of SNF/HAP assembly and deposition. B, 

The pathway to fabricate the SNF/HAP membranes with visualization of typical multilayer 

structures. Reproduced with permission.[26] Copyright 2017, AAAS. C, The pathway to 

fabricate the SNF/HAP:CNF nacre-like membranes with hierarchical structures and the 

mechanical performance of those membranes. Reproduced with permission.[92] Copyright 

2018, Wiley-VCH.
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Figure 13. 
Chemically-synthesized SF-silica fusion proteins. A, Silk hydrogelation mechanism. B, 

Biomineralization of biosilica particles catalyzed by the biosilica selective peptide R5. C, 

Design strategy and processing to create silica micropatterns. D-F, SEM (D and E) and 

visual (F) images show mineralized peptide logo with microscale patterns (1.2 cm width). G, 

Fluorescence images of FITC-labeled R5 patterns on the silk hydrogels. Reproduced with 

permission.[102] Copyright 2018, John Wiley and Sons.
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Figure 14. 
Schematic of fabrication and applications of SF/carbonic nanomaterials.
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Table 1.

Mechanical properties of animal silk fibers, synthetic fibers and biological materials.

Density
(g cm−3)

Strength
(MPa)

Strain
(%)

Modulus
(GPa)

Toughness
(MJ·m−3)

Refs

Animal silk fibers Araneus dragline silk 1.3 1100 27 10 160 [119]

Araneus viscid silk 1.3 500 270 0.5 150 [119]

Nephila clavipes dragline silk 1.3 880-970 0.17-0.18 11-13 110 [120]

B. mori silk 1.3 600 19 7 70 [1c]

A. yamamai silk 1.3 650 31 9 113 [11]

A. pernyi silk 1.3 460 23 12 65 [11]

A. mylitta silk 1.3 513 26 8 79 [121]

A. assamensis silk 1.307 564 26.4 8.5 95 [121]

P. ricini silk 1.308 400 27.5 3.6 71 [121]

Synthetic fibers Nylon fiber 1.14 950 18 5 80 [1c]

Kevlar 49 fiber 1.44 3600 2.7 130 50 [119]

Silicone rubber 0.98 50 850 0.001 100 [119]

Polypropylene
(UIstron)

0.89-0.91 585 17 0.9-1.55 64 [122]

PET 1.29-1.4 610 15 13.8 55 [122]

Polyurethane 1.12-1.24 370 540 0.0085 78 [122]

PVA 1.19-1.31 210 26 2.75 30 [122]

PE(Courlene X3) 0.95-0.96 320 10 4.2 18 [122]

PLA 1.2-1.3 350 56 5.3 / [123]

Carbon fiber 1.5-2 4000 1.3 300 25 [1c]

High-tensile steel 7.82 1650 0.8 190-210 6 [1c]

Biological materials Tendon collagen 120 12 1.2 6 [1c]

Wood (longitudinal) 0.6-0.8 60-100 6-20 5-9 [124]

Wood (transverse) 0.6-0.8 4-9 0.5-3 0.5-0.8 [124]

Skin 1.3 10 0.04 15(KJ/m2) [125]

Elastin 2 150 0.0011 2 [1c]

Resilin 3 190 0.002 4 [119]

Wool, 100%RH 1.3 200 50 0.5 60 [119]

Cellulose fiber 1.5 1000 100 / [125]

Bone 1.8-2.08 160 3 20 4 [126]

Coral 0.89-1.5 22-65 0 13-21.5 3e-3~4e-3
(KJ/m2)

[126]
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Table 2.

Comparison of β-sheet content (%) of domestic silkworm, wild silkworm and spider dragline silk fibers 

obtained by different methods.

B. mori silks Wild silkworm silks Spider dragline silks

FTIR spectroscopy
28

a
(ref[127]) 20 -23

b
(ref[127-128]); 40

c
 (ref[11]) 17 ± 4

e
(ref[127]); 36

f
 (ref[129])

Raman spectroscopy
50

a
(ref[130]) 45

d
(ref[130]) 36-37

e, f
(ref[130])

13C CP-MAS NMR 60.5-62
a
(ref [131]) 41-50

b,d
(ref[128, 131d, 132]) 34

f
(ref [133]); 46.5

g
(ref[131d])

X-ray diffraction
37-60

a
(ref [131d, 134]) 25-33.2

b,d
(ref[131d, 134a, 134d]) 10-15

f,h
 (ref [135]); 31.3

g
(ref[136])

Ordered fraction [137]
77

a
57

b
29-31

f

a
B. mori.

b
A. pernyi.

c
A. yamamai

d
S. c. ricini.

e
N. edulis.

f
N. clavipes

g
A.assamensis

h
N. Inaurata
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Table 3.

Mechanical properties and conductivity of SF/carbonic nanocomopisties.

Materials Methods Content 
of GO or
CNMs 
(wt%)

Strain
(%)

Stress
(MPa)

Modulus
(GPa)

Toughness
(MJ/m3)

Conductivity
(S/cm)

SF/rGO film[138] Electrospinning 0.5% 11.4±5 0.3±0.4 (0.4±0.5)×10−3 / /

1% 3±0.8 0.1±0.04 (0.2±0.06)
×10−3

/ /

2% 4.2±1 0.05±0.01 (0.08±0.1)
×10−3

/ /

SF/rGO film[139] Electrospinning-post 
coating

/ 7.1±0.9 1.6±0.8 26.1±6.2 / /

SF/GO fiber[109] Wet-spinning 1% / 540 0.21 / /

3% / 700 0.22 / /

5% / 550 0.23 / /

7% / 380 0.25 / /

SF/GO fiber[106b] Dry-spinning 0.5% 35.9±10.9 299.1±45 4.7±1.1 / /

1% 21±9.5 435.5±71.6 4.8±1.1 / /

1.5% 19.3±7.1 321±51.6 6.8±1.2 / /

2% 26±9.2 341.5±60 5.8±0.8 / /

SF/GO film[106a] Solution casting 85% 1.8±0.4 222±17 17±2 / /

SF/GO film[114] Spin assisted layer-
by-layer

1.2% 0.6 140 25 0.65 /

1.24% 0.74 200 65 0.9 /

2.5% 1.1 280 75 2.2 /

5.8% 1.05 300 140 2.3 /

SF/GO film[106c] Spin-assisted layer-
by-layer

2.6% 1.05 150 23 1.1 /

8.8% 0.8 250 45 1.2 /

26.9% 0.75 275 63 1.3 /

56.4% 0.76 300 75 1.45 /

70% 0.7 325 90 1.5 /

SF/GO scaffold [140] Solution phase 
separation

0.5% 50.96±7.41 1.85±0.41 3.63±0.62 / /

1% 43.55 ± 4.65 2.21±0.19 5.07±0.27 / /

3% 41.49 ± 9.86 2.84±0.51 6.85±0.98 / /

5% 36.74 ± 14.25 3.79±0.33 10.32±2.31 / /

SF/ GO/ HAP 
foam[141]

Solution freeze-dried 16.7% 10 30 0.9 / /

10% 17 80 1 / /

5.6% 12.5 70 0.5 / /

SF/CNTs film[142] Electrospinning 1% 2.3 ± 0.34 25.57 ± 1.38 1.3±0.02 / /

SF/MWCNTs film 
[143]

Electrospinning 0.5% 12.3±0.8 7.20±0.6 0.06 / 8.66×10−6

1% 9.25±1.5 9.94±1.2 0.11 / 1.2×10−4

1.5% 6.67±0.6 6.12±0.9 0.09 / 8.61×10−8

2% 4.98±0.9 4.28±0.4 0.086 / 7.15×10−9

SF/MWCNTs film 
[144]

Electrospinning 0.1% 7.41 2.25 0.031 / /
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Materials Methods Content 
of GO or
CNMs 
(wt%)

Strain
(%)

Stress
(MPa)

Modulus
(GPa)

Toughness
(MJ/m3)

Conductivity
(S/cm)

0.5% 11.64 2.75 0.024 / /

1% 8.94 3.04 0.034 / /

2% 4.89 3.65 0.075 / /

SF/SWCNTs film 
[145]

Electrospinning 0.5% 1.7±0.3 2.84±1.1 0.18±0.108 / /

1% 1.4±0.5 7.4±2.5 0.705±0.698 / /

2% 1.8±0.5 3.7±1.3 0.285±0.112 / /

SF/MWCNTs film 
[146]

Solution casting 0.1% 2.75 33 1.98 / /

0.5% 3.75 44 2.1 / /

1% 3.5 40 2.17 / /

SF/graphene film 
[107b]

Electrospinning 3% 18 4.28±1.36 (56.05±3.42)
×10−3

/ /

SF/Graphene film 
[147]

Self-assembly 30% 1.6% 90 4.6 0.65 10−3

50% 0.8% 70 9.5 0.3 10−2

70% 0.6% 15 9 0.13 10−1

SF/graphene/Ca2+ 

ions film[33]
Solution casting 25% 8.1 ± 2.7 242 ± 66 4.0 ± 1.1 11.6 ± 3.6 3.2×10−4

50% 4.4 ± 0.6 177 ± 14 6.0 ± 1.1 4.1 ± 0.8 0.05

75% 2.2 ± 0.5 49 ± 6 5.0 ± 1.3 0.7 ± 0.2 0.67

Solution casting 10% 611 ± 85 0.5 ± 0.1 0.004 ± 0.001 3.3 ± 0.6 3.2×10−4

20% 382 ± 59 4.2 ± 1.3 0.135 ± 0.005 13.9 ± 4.7 8×10−4

40% 202 ± 67 5.9 ± 1.5 0.079 ± 0.069 10.3 ± 3.2 2.1×10−3

Silk fibers/Graphite 
flakes [148]

Dry-Meyer-rod-
coating

/ 15 / / / /

Spider dragline 
silks/CNTs[149]

Dry-coating and wet-
collapsing

/ 35 4800 70-72 / 4300

Carbonized SF film 
[150]

Electrospinning-
carbonization

50 / / / /

Spider silk fiber/GO 
fiber[151]

Solution coating 45% / / / / 0.55-0.6

A. mylitta silk 
fibroin/carbon fiber 
film[152]

Solution casting 0.1% 20 20 0.147 / /

0.5% 22 19 0.178 / /

1% 23 11 0.333 / /

5% 27.5 6 0.74 / /

10% 31.5 3 1.423 / /

Spider silk fibers/
MWCNTs fiber [112]

Solution coating / 73 600 7 290 12-15
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