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Abstract
Issues of fossil fuel and plastic pollution are shifting public demand toward biopolymer-based textiles. For instance, silk, 
which has been traditionally used during at least 5 milleniums in China, is re-emerging in research and industry with the 
development of high-tech spinning methods. Various arthropods, e.g. insects and arachnids, produce silky proteinic fiber of 
unique properties such as resistance, elasticity, stickiness and toughness, that show huge potential for biomaterial applica-
tions. Compared to synthetic analogs, silk presents advantages of low density, degradability and versatility. Electrospinning 
allows the creation of nonwoven mats whose pore size and structure show unprecedented characteristics at the nanometric 
scale, versus classical weaving methods or modern techniques such as melt blowing. Electrospinning has recently allowed 
to produce silk scaffolds, with applications in regenerative medicine, drug delivery, depollution and filtration. Here we 
review silk production by the spinning apparatus of the silkworm Bombyx mori and the spiders Aranea diadematus and 
Nephila Clavipes. We present the biotechnological procedures to get silk proteins, and the preparation of a spinning dope for 
electrospinning. We discuss silk’s mechanical properties in mats obtained from pure polymer dope and multi-composites. 
This review highlights the similarity between two very different yarn spinning techniques: biological and electrospinning 
processes.
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Introduction

Textile industry is one of the most demanding industry in 
water (Varadarajan and Venkatachalam 2016). But waste-
water is not the only waste occurring from textile industry, 
indeed microplastics originating from the textile industries 
are pointed out as a major problem (Herbort et al. 2018; Pad-
ervand et al. 2020). Recent development due to COVID-19 
disease, further increased this problematic. Indeed the usage 
of protection mask and gloves, strongly reduce the numer-
ous effort that several country were engaged in to reduce 
the usage of throwaway plastics (Gorrasi et al. 2020). In this 
context, why not coming back to the origin of textile and the 
usage of bio-sourced and therefore bio degradable material. 

Especially since given proper preparation these materials are 
sometimes able to compete with synthetic polymers.

For millennia, arthropod (arachnids, insects and myri-
apods) silk has been known to humans as an exceptional 
biomaterial. First mentions of silkworms domestication are 
dated to more than 5000 years before our era, originating 
from Chinese regions (Yu et al. 2011; Babu 2018). After 
hatching from its egg, the silkworm, still under its larvae 
shape, produces a cocoon to protect itself during its trans-
formation in a moth. If a variety of silkworms are found in 
nature, most producing these silky structures, the main spe-
cies which was domesticated and raised in industrial farms 
is the Bombyx mori (Guo et al. 2011), because of the finest 
silks that it produces for textile applications. The material 
is still used today for its qualities, such as strength, luster, 
drapability, resilience and ability to bind with chemical dyes. 
But it has also been recognized for its applications in medi-
cine. The silk market represents a huge part of the world-
wide textile economy, with 120 000 tons of silk produced 
every year, mainly in Asia (Pereira et al. 2015). Throughout 
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history silkworm’s threads have been used to sew wounds. 
From its superior mechanical resistance (stronger than col-
lagen) (Thilagavathi and Viju 2015), and its biocompatibil-
ity once ridden of their sericin coating (Vepari and Kaplan 
2007), several applications arose. If silk from Bombyx mori 
has been deeply studied thanks to its availability from to 
sericulture, silks from other arthropods, such as spiders, 
have for a long time remained confined to research. Arach-
nid species cannot be raised in farms because of their can-
nibal tendencies, but their silk, with its very specific features 
that combine strength and elasticity, has been in the past 
used as fishing lines (Vierra et al. 2011) and more recently 
as microsutures (Kuhbier et al. 2011). The recent research 
infatuation with spider silk, or more accurately spider silks 
as the fiber declines in 7 types all with specific uses, resides 
in its diversity. Consequently, its potential is largely unex-
plored due to its scarcity. This fact made it a luxury product 
in our collective imagination: in 2012, artist Simon Peers 
and entrepreneur Nicholas Godley created a naturally golden 
cape made out of the silk of 1.2 million Nephila spiders, that 
was exposed in London (Chung et al. 2012).

Traditionally, silk was spun by hand. After degumming 
the fibers, they were dried and stretched in caps and hankies, 
before being woven using a spinning wheel. Average produc-
tions with these methods rose to 200 g of spun silk per day and 
per spinner (Chakravorty et al. 2010). In these conditions, the 
obtained fibers are vowed to be worked into a fabric and are 
therefore about half a millimeter in diameter, a common size 
for yarns in clothing manufacture. The final silk piece textile is 
a woven mat, with organized and structured fibers crossing and 
interlacing (Cao et al. 2008). This type of material has advan-
tages, for its mechanical properties and structural resilience to 
shearing, but its applications are confined to clothing. In 1934, 
Formhals invented a new way to spin fibers, named electro-
spinning (Bognitzki et al. 2001). An electric field applied to a 
solution of dissolved polymer generates the sufficient tension 
to create a stream jet from a syringe to a collector, randomly 
splashing spun fibers as they dry into a nonwoven mat. The 
obtained fabric possesses, among other unique properties, fib-
ers’ diameters ranging from a micrometer to a few nanometers 
(Ramakrishna 2005). Electrospun fibers of silkworm’s threads 
have given nonwoven mats which combined the interests of 
the nanometric scale, such as high specific surface and the 
inherent properties of the silk, like biocompatibility, durabil-
ity, strength, elasticity or a particular ability to drape (Babu 
2018). Nevertheless, silkworm’s silk remains a soft polymer, 
that cannot compete with the synthetic fibers like aramids or 
polyamides when it comes to strength, or elastane for elasticity 
(Senthilkumar et al. 2011). This is where spider silk has the 
advantage. Numerous studies show the spider silk’s amazing 
potential in terms of mechanical possibilities. Not only does it 
offer a high resistance under tension and some significant elas-
tic properties, but most importantly a versatility in these two 

parameters that is not met in any other polymer. It is also more 
durable than Bombyx’s silk because degrading slowly (Vierra 
et al. 2011), resistant to extreme temperatures (Babu 2018), 
with piezoelectric properties (Fukada 1956) and biocompat-
ible because naturally clear from sericin proteins (Karthik and 
Rathinamoorthy 2017). Thanks to the diversity of uses that a 
spider makes of its silk, from catching preys to wrapping egg 
sacs, exist a variety of silks based on different proteins and 
with different features (Vierra et al. 2011).

Nowadays, as engineering world tends to use a life 
friendly and sustainable designing approach, the develop-
ment of biomaterials and respectful alternatives to syn-
thetic polymers has become trendy. Numerous ecologically 
involved organizations recommend the integration of bio-
mimicry principles in the concepts creation (Benyus 1997; 
Reap et al. 2005). This implies that the inspiration to design 
new components could arise from Nature. Indeed, Nature 
has the sufficient experimental background, provided by evo-
lution, to create optimal components. This review aims to 
integrate these concepts, as silk is an ancient and perfected 
polymer with well-studied specific applications in ecology. 
The applications of its properties of interest for human tech-
nologies seem like a responsible bet. The utilization of a 
natural material guarantees the relative safety of manipula-
tion, since Life does not build with blocks that could not, 
eventually, be naturally broken down by other organisms 
(Green chemistry) (Kirchhoff 2003). Morphologically, the 
spigots of a spider are similar to the industrial spinnerets 
used in textile spinning, electrospinning voltage energy pro-
viding the necessary tension to spin the fiber, as rear legs 
of a spider would do in nature (Das et al. 2015). Therefore, 
this work endorses a critical approach on experimental pro-
cedures and their footprint on the environment.

This review provides the necessary background on the 
biological models and original polymer producers, focusing 
mainly on the silkworm Bombyx mori and the few spider’s 
species that are met in relevant literature, Aranea diadema-
tus and Nephila clavipes. The diverse advantages of silk fib-
ers in contextual comparison with other bio or artificial poly-
mers is presented in a second time and a detailed selection 
of experimental procedures to obtain and electrospinning of 
these fibers follows. Characterization and applications for 
electrospun silk mats in various domains, such as regenera-
tive medicine, drug delivery, structural support, filtration, 
depollution and textiles are also discussed.

Arthropods and silk

Origin of silk in animal phylae

Silk, according to the different contexts it is used in, has 
many definitions. Back to its most universal, and natural 
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approach, it is defined as a structural protein fiber synthe-
tized by an organism for an external use (Holland et al. 
2019). It is produced by a variety of animals in nature, all 
part of the phylum of arthropods. All organisms producing 
silk originally benefited from the same genetic innovation, 
as the ancestral gene appeared about 400 million years ago 
(Chen et al. 2006) and diversifying ever since. This led to 
the variety of silk structures and properties observed now-
adays. Modern species producing silk include silkworms, 
from the Insecta class, spiders and pseudoscorpions, from 
the Arachnida class and other species from the Myriapoda 
class (Craig 1997). Ecologically, the silk has diverse appli-
cations, depending on the considered taxon. The chemi-
cal structure of the silk depends on its final purpose, in 
a form-to-function relationship (Tokareva et al. 2014). 
Hence, different types of silk are observed within the dif-
ferent species, different individuals and different contexts. 
Silk therefore displays a range of mechanical properties, 
from adhesion to high strength, or elasticity. Nonetheless, 
in all organisms producing this biomaterial, the proteins 
are synthetized in the silk glands organs, whose walls are 
made of epithelial cells that release of the proto silk in the 
lumen under its liquid form. The polymer is then stretched, 
being spun out of the body through the spinnerets or spig-
ots (Altman et al. 2003) (Fig. 1). These glands, originally 
derived from the digestive tract and secreting primitive 
fibrous compounds, are located at different positions 
depending on the type of animal (Craig 1997).

Fibroin, sericin and other components of silk

Several molecular families of silk proteins exist in arthro-
pods. Fibroin, present in all silks, is the core protein of the 
fiber. It is composed of amino acids disposed in beta-sheets 
(crystalline domains linked by disulfuric bonds). Two-thirds 
of the protein are crystalline, the rest is amorphous, allow-
ing the creation of hydrogen bonds between the amino acids 
(Wade 2015). The heavy chain of the protein is an altern-
ance of hydrophobic and hydrophilic domains, based on the 
nature of their amino acids. This alternance creates physico-
chemical interactions between the domains. That confers the 
resistance to the final polymer. The side chains of the protein 
are hydrophobic. Fibroin is observed in all arthropod silks, 
for it represents the essential structure of the thread and 
confers its strength. Another silk component, sericin is a 
hydrophilic protein coating the fibroin core, which provides 
adhesion, stickiness and hydration to the silk in silkworm 
species (Vepari and Kaplan 2007). Sericin is constituted of 
side chains, of five different structures, that can bind to the 
fibroin heavy chains via their carboxyl, hydroxyl and amino 
groups (Numata and Kaplan 2010). Resistance of the silk as 
a biomaterial originates from the elastic deformation of the 
beta-sheets under traction, the disulfuric bonds keeping the 
chain strong, while amorphous chains’ hydrogen bonds are 
untied and reformed after the deformation (Liu et al. 2017). 
In spiders, the fibroin core is not coated with sericin, but 
with a three-layers covering. The first layer is a skin wrap-
ping the nanofibrils of fibroin, topped by glycoproteins and 

Fig. 1  Physiology of a Bombyx 
mori’s (left) and an Aranea dia-
dematus’ (right) spinning appa-
ratus. The silkworm uses its 
unique buccal spinneret to spin 
a single thread for its cocoon. 
The spider possesses five indi-
vidual spinnerets and uses its 
rear limbs to spin the thread out 
of them. Each contains numer-
ous microtubules (middle) that 
synthesize the nanofibrils of 
fibroin. Silkworms do not pos-
sess microtubules
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a final sheet of lipids. This assemblage provides the silk its 
antibacterial and antifungal properties (Romer et al. 2008).

Bombyx mori’s silk

The most famous and common silk encountered in literature 
is the silk of Bombyx mori. Its commonness is due to its 
ancient utilization in textile (Merrit et al. 1992) and numer-
ous industrial applications. Bombyx mori is a silkworm that 
turns into a moth in its adult phase. This animal has been 
domesticated for several thousands of years for its silk, 
which is the raw material used for common textile silk (Mer-
rit et al. 1992). The Lepidoptera, still under its larvae shape, 
spin a single long silk thread (up to 20 µm of diameter) with 
adhesion and resistance properties to create its pupa: the 
protective cocoon in which the larvae will be transformed 
into an adult (Chen et al. 2012). The silk proteins are issued 
from what were formerly salivary (labial) glands, that have 
been modified throughout evolution into silk glands (Suzuki 
et al. 1972). These silk glands (one bilateral pair) extend 
through the whole body of the insect: the posterior part pro-
duces the fibroin core, and the middle part synthetizes the 
sericin. The sericin is a coating around the naked fiber. The 
anterior part, tighter, acts as a lumen, that will elongate the 
proteins and shape them into their final solid state (Laity 
and Gilks 2015; Takai et al. 2018). At last, the single thread 
is spun from the unique buccal spinneret and will constitute 
the cocoon (Fig. 1). This thread is composed of two central 
clusters of numerous fibroin nanofibrils (of 20 nm each), 
coated with sericin (Fig. 2). The silk of Bombyx’s proper-
ties (Table 1) depends on the speed of spinning. A thread 
spun fast (27 mm/s) is more resistant to the rupture than a 
thread spun slowly (4 mm/s) which is more elastic. These 
two characteristics in the silkworm’s silk can therefore not 
be combined in a same fiber, the thread is either strong or 
extensible (Shao and Vollrath 2002). A few other silkworms, 
like Antheraea or Samia, also produce silks. These fibers are 
known as non-mulberry silk: they share a lot of similarities, 
their difference lying mainly in the luster of the obtained 
fabric.

Spider’s silk

The Arachnida class also produces silk, sharing a common 
ancestor with Bombyx, living 240 million years ago (accord-
ing to the silk genes analysis) (Garb et al. 2010; Blackledge 
et al. 2012). 37,000 species of spiders produce silk, and, 
unlike silkworms, their silk is designed in several declina-
tions depending on their final utilization. Indeed, spiders 
such as Aranea diadematus, or Nephila clavipes, two well-
studied model species, possess not one but seven types of 
silk glands in their posterior abdomen. Each is responsible 
for the synthesis of a specific silk compound, with diverse 

chemical compositions and structures (Tokareva et al. 2014). 
The synthesis of silk in these glands is a complex process. 
In the fore part of the gland, the tail, the columnar epithelial 
cells secrete the proteins of spider fibroin (spidroin). The 
proteins gather in small micelles, which avoid their aggrega-
tion before spinning because of high glandular concentra-
tions. The micelles then migrate to the lumen, or duct, a tight 
S-shaped corridor in which they are elongated. The proteins 
are gradually organized into crystalline beta-sheets regions 
and amorphous chains. All along this path, the formation of 
the crystal sheets is facilitated by ions exchanges, and water 
is recapture. The elongation forces applied on the proteins 
also induce the solidification of the fiber, which is ready to 
be spun at the end of the duct (Eisoldt et al. 2011; Toka-
reva et al. 2014). In the late stages of the polymer synthesis, 
the microfibers are secreted outside of the body by exter-
nal microtubules (Fig. 1) present in the spinneret. Fibroin-
secreting microtubules are numerous and about 20 nm in 
diameter and synthetize the core of the fiber. This core of 
microfibers is then coated by the glycoproteins and lipids 
(Fig. 2) (Romer et al. 2008; Nentwig 2012). The whole fiber 
then emerges from the spinneret and is pulled out by the 
rear legs of the spider (He et al. 2008). Properties of spider 
threads are mentioned in Table 2.

The seven glands of the spider do not serve the same pur-
pose (Fig. 3) (Vierra et al. 2011). The ampullate major pro-
duces the dragline of the spider and some structural threads 
for the web, this last being also achieved by ampullate minor 
for radial strings. The aciniform gland synthetizes silk for 
prey wrapping, the cylindriform (or tubuliform) for eggs sac 
wrapping and the pyriform for joints (Vollrath and Knight 
2001). While building its web, the spider will pass a first 

Fig. 2  Tridimensional structures of Bombyx mori’s silk fiber (left) 
and Aranea diadematus’s (right). The silkworm’s fiber varies between 
10 and 20 µm, the spider’s dragline between 3 and 5 µm. Unlike in 
silkworm’s silk, there is no sericin in spiders’ dragline, but the gly-
coproteins layer protects from bacterial and fungal infections (Dobl-
hofer et  al. 2015). Nanofibrils of fibroin (in spiders and silkworms 
indifferently), which are between 20 and 60 nm large, are not repre-
sented at scale
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time to design the spiral that will catch the preys, secreting 
a core silk from the flagelliform gland and then a second 
time, to coat this core with sticky glycoproteins and lipids 
issued from the aggregate glands (Liu and Zhang 2014). 
These different silk compounds, whom synthesis is ruled 
by different genes (Craig and Riekel 2002), have different 

properties once secreted, the dragline and structural threads 
being the most resistant and stiff ones, whereas the spiral 
fibers will be the most elastic and sticky (Shear et al. 1989).

Unlike silkworm silk, spider silk can achieve supercon-
traction: the fiber contracts above a humidity threshold. This 
phenomenon, associated with an increase in the ambient 

Table 1  Characteristics of the silk thread of silkworm Bombyx mori. Composition and molecular structure of the cocoon silk, and mechanical 
properties under tension. See references for experimental protocols

Characteristic of the silk Type of silk References

Molecular weight (kDa) Fibroin 360 (heavy chain) Garb et al. (2010)
25 (light chain)

Sericin (five polypeptide types) From 80 to 309 Garb et al. (2010)
Composition in main amino acids Fibroin Alanine, glycine, serine, tyrosine Altman et al. (2003)

Sericin Serine, glycine, glutamic acid, 
aspartic acid, threonine, 
tyrosine

Numata and Kaplan (2010)

Structure of the natural fiber Core of fibrils’ structure Bipartite Du et al. (2011)
Thread diameter 10 to 20 µm Du et al. (2011)

Ultimate tensile strength of the 
silk fiber (MPa)

Natural fiber 500 Pérez-Rigueiro et al. (2000)

Degummed (without sericin) 240 to 700 (Zhao et al. 2006)
Strain at break (%) Natural fiber 15 to 19 Pérez-Rigueiro et al. (2000); Zhao et al. 

(2006)
Degummed (without sericin) 4 to 16 (Pérez-Rigueiro et al. 2000)

Stiffness (GPa) Natural fiber 7 Shao and Vollrath (2002); Heim et al. 
(2009)

Toughness (MJ.m−3) Natural fiber 70 Shao and Vollrath (2002); Heim et al. 
(2009)

Density (g.cm−3) Natural fiber 1.3 Romer et al. (2008)

Table 2  Characteristics of the dragline silk produced by the ampul-
late major gland, and of the spiral thread silk produced by the flagelli-
form gland in the spider Aranea diadematus. Composition and struc-

ture of the silk threads and mechanical properties under tension. See 
references for experimental protocols

Characteristic of the silk Silk type References

Molecular weight (kDa) Fibroin (spidroin) Up to 350 Ayoub et al. (2007)
Composition in main amino acids Dragline Glycerin, alanine, proline, 

glutamic acid, serine
Andersen (1970)

Structure of the fiber Core of fibril’s structure Simple Du et al. (2011)
Thread diameter 3 to 5 µm Du et al. (2011)

Ultimate tensile strength of the silk 
fiber (GPa)

Dragline 1.1 to 1.2 Pérez-Rigueiro et al. (2000); Du et al. (2011)

Spiral thread 0,3 (Pérez-Rigueiro et al (2000).; Du et al. 2011)
Strain at break (%) Dragline 20 to 27 Pérez-Rigueiro et al. (2000); Du et al. (2011)

Spiral thread 270 Pérez-Rigueiro et al. (2000); Du et al. (2011)
Stiffness (GPa) Dragline 10 Pérez-Rigueiro et al. (2000); Du et al. (2011)

Spiral thread 0.003 Pérez-Rigueiro et al. (2000); Du et al. (2011)
Toughness (MJ.m−3) Dragline 180 Pérez-Rigueiro et al. (2000); Du et al. (2011)

Spiral thread 150 Pérez-Rigueiro et al. (2000); Du et al. (2011)
Density (g.cm−3) Dragline 1.3 Romer et al. (2008)

Spiral thread 1.3 Romer et al. (2008)
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humidity, generates a contraction strength up to 22% of 
the energy necessary to break the thread (studies realized 
in dragline from Nephila clavipes) (Bell et al. 2002). The 
fiber shrinks when wet, up to 50% of its original length, 
and then returns to normal after 5 min in the experimental 
conditions. Interestingly, the silk does not only response to 
humidity with supercontraction. Studies also show a cyclic 
contraction-relaxation of the fiber under the effect of humid-
ity and dryness, respectively. Post supercontraction threads 
have a slightly higher weight and a lower stiffness (Black-
ledge et al. 2009). Biological purpose of such phenomenon 
is uncertain, but it may contribute to the resilience of the 
thread and avoid sagging (Boutry and Blackledge 2010). 
Additionally, and whereas supercontraction is considered as 
a chemical property of the biomaterial, silk threads’ tension 
can be modulated by liquid droplets known as elastocapillary 
winches. The thread can wind around the water drop, and 
unwind to will to damp the kinetic energy developed when 
stopping a flying insect, like a yo-yo, adding to the elonga-
tion potential of the web (Neukirch et al. 2017 [CSL STYLE 
ERROR: reference with no printed form.]).

Silkworm and spider silk: mechanical comparison 
and proteinic origin

Differences between silkworm and spider’s silk are previ-
ously mentioned in this review (Tables 1, 2). A.diadematus 
model spider dragline’s diameter is three times smaller than 
the cocoon thread of B.mori. Their structure also differs, 
in the organization of the nanofibril clusters (Fig. 2). Most 

importantly, the mechanical properties of the fibers, silk-
worm’s thread, spider’s dragline and spider’s spiral thread, 
are highly variable. The silkworm synthetizes a thread to 
wrap itself in its cocoon, aiming for an insulating, protec-
tive material. The obtained fiber hence does not show an 
ultimate tensile strength, elasticity, stiffness or toughness as 
high as in spider’s dragline, whose purpose is to suspend the 
web or the spider (Vollrath and Knight 2001). Interestingly, 
the spiral thread from the spider shows an extreme elastic-
ity, in order to catch the flying preys (Fig. 4). Nevertheless, 
only the combined properties of resistance (of the dragline 
made by the ampulla major) and the stretchiness of the spiral 
thread can absorb the kinetic energy of a jumping or flying 
insect (Casas 2011).

Despite sharing the same density of 1.3 g cm−3 (cate-
gorized as low density polymer (Blackledge et al. 2009)), 
silkworm’s and spider’s silks have different composition. 
The nature of the amino acids present in the fiber’s molecu-
lar structure confers the mechanical properties to the fiber, 
whether it is elastic or resistant. This phenomenon is even 
more pronounced in spider silks.

Figure 5 shows the correlation coefficient between a given 
amino acid and mechanical resistance or elasticity of a spi-
der thread. A positive coefficient suggests an increase of the 
properties with the presence of the amino acid whereas a 
negative coefficient means a decrease. Finally, a coefficient 
close to zero implies a lack of influence of the presence 
of the amino acids. The dragline is mainly based on gly-
cine, alanine, proline and glutamic acid (Andersen 1970): 
glycine and alanine have a strong influence on mechanical 

Fig. 3  Highlighted types of 
spider silk in webs and cocoons 
(various species). Major ampul-
late gland silk in frame and 
radial threads (a), minor ampul-
late gland silk in spiral thread 
(b), flagelliform gland silk in 
capture thread (c), pyriform 
gland silk in attachments (d), 
aciniform gland silk in prey 
wrapping (e), and cylindri-
form gland silk in eggsack (f). 
Aggregate gland silk, which 
coats the spiral thread, is not 
represented. Figure inspired by 
Eisoldt et al.’s work (Eisoldt 
et al. 2011). Photographs free 
from rights.
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resistance’s augmentation. The spiral thread is composed of 
glycine, proline and valine only (Andersen 1970): proline 
and valine increase the elasticity of the fiber. The adhesive 
coating that covers the flagelliform thread to catch insects is 
mostly made of glycine and proline (Andersen 1970). If the 
presence of single amino acids plays a role in the properties 
of the fiber, it is mainly their assemblage in clusters that 
provide the final mechanical profile of the fiber (Vollrath 
and Knight 2001).

Performance of silks versus other materials

Silks are unique as biopolymers. They range among the rare 
fibers from animal origin that are used in a context similar 
to human activities, centered around the shape of a thread. 
Indeed, whereas most fibers originating from living organ-
isms are used for structure (cellulosic fibers, collagen, elas-
tin) or protection (keratin from wool and hairs), silks and 
mainly spider silks, are designed to be single strings with 

Fig. 4  Bombyx mori and Aranea 
diadematus’ silks properties: 
ultimate tensile strength (a), 
strain at break (b), Stiffness (c) 
and Toughness (d). Dragline 
silk is the stiffest, toughest and 
the most resistant fiber, while 
spiral thread is significantly 
more elastic than any other 
compared fibers. For these 
advantages, spider threads are 
also thinner than silkworm’s 
one. Graphs made from refer-
ences (Pérez-Rigueiro et al. 
2000; Shao and Vollrath 2002; 
Bonino 2003; Heim et al. 2009)

Fig. 5  Correlation test of Pearson between amino acid composition 
and mechanical properties (mechanical resistance and elasticity) of 
spider silks (A.diadematus and N.clavipes). A correlation test was 
performed between the composition in amino acids of silk issued 
from aciniform, cylindriform, flagelliform, ampullate major and 
ampullate minor glands (Andersen 1970), and the ultimate tensile 
strength or strain at break for these different silks (Vollrath and Porter 
2006). A positive value indicates a correlation between the propor-

tion of the amino acid and the mechanical property, a negative value 
suggests a correlation between the proportion of the amino acid and 
the other property (deleterious effect of the amino acid on the consid-
ered mechanical characteristic). Legends for the amino acids in order 
of mention: alanine, glycine, serine, proline, aspartic acid, glutamic 
acid, tyrosine, threonine, phenylalanine, valine, leucine, isoleucine, 
histidine, lysine, arginine
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the consequent behavior. Hence, their pristine mechanical 
properties can be compared with natural and artificial syn-
thetic homologues.

Biopolymer’s advantages

Evolution, selection and form‑to‑function relationship

As previously mentioned, unlike modern materials, silk is 
not a synthetic product. The fiber appeared in the arthropod 
phylum about 400 million years ago (Craig and Brunetta 
2010) as a primitive secretion. The silk in the Araneae fam-
ily (or in primitive Araneomorphae) started to gain its spe-
cific features, such as supercontraction, around 200 million 
years ago (Boutry and Blackledge 2010). The divergence of 
the types of silk, namely in the spiders’ family, is due to the 
motor of evolution: genetic lottery conferred the spun silk a 
variety of molecular structures that are adaptative. Not only 
the final structure is fit to a defined use, such as wrapping, 
stopping insects or suspension, but the building blocks used 
for its synthesis can be modulated depending on what is 
available in the environment. The environment and context 
also play roles on the final fiber obtained, which adds to 
the potential of the biomaterial. Humidity, building blocks, 
speed, substrate and orientation of spinning are all param-
eters that control the mechanical behavior of the thread 
(Swanson et al. 2009). Even further, spiders are believed 
to be capable of tailoring their filaments by post-spinning 
adjustments (Eisoldt et al. 2011). The characterization and 
quantification of these features highlight the potential of a 
smart material in an identified context, an opportunity for 
engineering. In opposition with synthetic polymers that do 
not attempt to recreate the shape-to-function relationship of 
silk, this last is strong of millions of years of adaptations and 
experiences a significant modularity in its features.

Sustainability, degradability and life cycle

Silk is a natural polymer, its composition is basically amino 
acids, rich in nitrogen and carbon (Andersen 1970). If the 
degradability of silk is relatively low and the material is 
classified like resilient against degradation, as it starts to lose 
its initial properties after a period varying between 60 days 
and 2 years depending on the context (Altman et al. 2003). 
If worn silk is not recycled into a new product or if its lysis 
is necessary in some application, it is possible to degrade 
silk using organic processes, in a circular way. Some pro-
teases, like chymotrypsin (Li et al. 2003), can break down 
the fibroin core into smaller compounds whose reintegra-
tion in other building blocks will be done naturally like it 
is in nature. As silk is employed for regenerative medicine, 
its controllable and non-toxic degradation matters. Müller-
Herrmann and Scheibel studied the degradation of spider 

silk by two bacterial proteases, with conclusive results for 
biomedical purposes (Müller-Herrmann and Scheibel 2015). 
Whether degradation is studied in order to break down cell 
scaffolds after tissue regeneration or to prove the biodegra-
dability of silk for other applications, the biomaterial has 
the advantage of natural recyclability. In terms of green 
chemistry, silks, including spider silks, can replace a part of 
the petrol-based materials thanks to their properties, with a 
life cycle assessment proving its sustainability. During its 
synthesis process, silk is considered as an aquamelt, which 
means that it can be turned from a polymeric dope to a crys-
tallized polymer in ambient temperature and water, whereas 
regular polymers need some heat input to do so. As so, the 
spinning of silk in artificial conditions saves up to 90% of 
the energy necessary for its shearing to reach fibrillation, last 
step before the final crystallization (Holland et al. 2012). A 
particular example is about domestic air filters made from 
spider silk instead of regular synthetic fibers, which could 
save 9 kg of  CO2 per house and year (Lauterbach and Schei-
bel 2015).

Silk obtention and preparation obstacles

Industrial alternatives to plastics involving silks have been 
explored. However, the difficulty of its production, particu-
larly for spidroins, do not allow the complete switch from 
synthetic material to biopolymer in the future; the applica-
tions remain extremely specific and too rare and expensive 
(raw material and production) for a broad use in our con-
suming lifestyle (Karthik and Rathinamoorthy 2017). Only 
a material mimicking the structure, the molecular interac-
tions that result in the outstanding properties of silk could 
be competitive, not the natural material itself. Nevertheless, 
biotechnological alternatives for obtention of the silk pro-
teins in higher quantities exist and have been thriving these 
last decades.

Mechanical parameters of silk

Ultimate tensile strength: strong, but not the strongest

Spider silk has arisen in literature as a strong, resistant fiber. 
Although this is true in the ecological context of the ani-
mal (webs can stop flying insects with high kinetic energy), 
silk is not the strongest fiber, outdone by artificial threads. 
Concerning Bombyx, as it has been previously described, its 
silk only possesses the advantage of adhesivity and ease of 
production (Karthik and Rathinamoorthy 2017), (Table 1); 
the material is not even ranking among high-strength fib-
ers. Most of studies compare the spider thread issued from 
ampulla major, the dragline, with high resistance synthetic 
products such as  Kevlar® (poly-paraphenylene terephthala-
mide), steel, Nylon (polycaprolactam or polyamide-6) 
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(Altman et al. 2003). In this review, we should also com-
pare it with other strong textile fibers like  Zylon® (poly(p-
phenylene-2,6-benzobisoxazole)),  Vectran® (polyarylate) 
or UHWPE (ultra-high molecular weight polyethylene). 
These selected materials are used for design of various high 
resistance gear, for clothing, fishing, sailing, chutes, cable 
reinforcement, or ballistics. Spidroin, the core of fibroin of 
the dragline’s thread, is not as resistant as most of these 
filaments. Its maximal ultimate tensile strength rises up to 
1.75 GPa (for certain species and under certain conditions). 
 Zylon® fibers endure a stress up to 5.8 GPa (Zhang et al. 
2018),  Kevlar® up to 3.62 GPa (Quintanilla),  Vectran® up 
to 3.3 GPa (Ward 2012), UHMWPE fibers up to 2.8 GPa 
(Ogawa et al.) and stainless steel fibers up to 2.21 GPa (De 
Araújo 2011). However, spider silk remains more resistant 
than Nylon (polyamide 6), whose ultimate tensile strength 
rises up to 1.5 GPa (Bhattacharyya et al. 2009). Spider silk 
is a natural long thread with the original purpose of stopping 
insects. Given this inherent objective, one could expect silk 
to be the strongest of all natural fibers; however, some cel-
lulosic structures actually prevail. Flax is the strongest fiber 
(maximal UTS = 2 GPa), even stronger than spider silk. Our 
biomaterial comes second, followed by PALF fibers (maxi-
mal UTS = 1.63 GPa), curaua fibers (maximal UTS = 1.15), 
ramie fibers (maximal UTS = 0.81 GPa) (Jamaluddin et al. 
2019), cotton fibers (maximal UTS = 0.8 GPa) (Yan et al.), 
and wool fibers (maximal UTS = 0.17) (Yükseloğlu et al. 
2015).

Strain at break: second place for a versatile fiber

We demonstrated that silk, although being a strong fiber, 
does not surpass synthetic filaments. However, the interest 
of silk and mostly of spider silk, resides in its versatility 
(Fig. 6). Where other materials possess either one strong 
feature or another, it is possible for silk to have both a resist-
ant and elastic (or plastic) behavior (Huang et al. 2018). 
This is a characteristic of biopolymers, that results of the 
chemical bonds between the chains and their structure (see 
Sect. 1.2): the very developed network of hydrogen bonds 
between amino acids in the relaxed thread and the covalent 
bonds between proteins in the nanocrystalline regions as a 
safety backup when stretched (Nova et al. 2010). The ratio 
between resistance and elasticity for silk and mostly spi-
der silk, is unique to considered materials (Fig. 6). Spider 
silk, particularly flagelliform threads which are the most 
extensible, can extend up to 270% of its original length (at 
break), 27 for the dragline (Table 2). For comparison with 
our previous high-resistance fibers,  Kevlar® 29 has a strain 
at break of 2.4%, UHMWPE does not elongate further than 
7% (Dayyoub et al. 2019),  Vectran® 3.8% (Ward 2012) 
and  Zylon® 2.5% (Seely et al. 2004). Nylon 6 has a strain 
at break reaching 16%, and steel is not considered as an 

elastic material (De Araújo 2011). Among the natural fib-
ers, the exceptional elongation at break of spider silk once 
again dominates. Wool has a maximal observed strain at 
break of 44% (Thompson and Hynd 2009), Bombyx’ silk 
(maximum = 35%) (Asrar and Hill 2002), PALF (maxi-
mum = 14.5%) (Yan et al. 2016), cotton (maximum = 10%) 
(Yan et al. 2016), curaua (maximum = 4.9%) (Yan et al. 
2016), ramie (maximum = 5%) (Kumar et al. 2020), flax 
(maximum = 3.3%) (Yan et al. 2016). In terms of elasticity 
elastane dominates that category, with an elongation at break 
that can reach 610% (Senthilkumar et al. 2011); however, its 
ultimate tensile strength is nowhere close to the high values 
developed in 2.2.1. Indeed, textile industry uses blends of 
cotton and elastane, profiting from the higher strength and 
comfort of cotton. Spider silk is therefore a unique mate-
rial that combines both mechanical properties in one poly-
mer. It is also interesting to mention that post treatments of 
silk, such as addition of aqueous glues or water coating, can 
increase the elasticity and the plasticity of the polymer after 
its spinning (Vollrath and Edmonds xxxx; Wray et al. 2011).

Spider silk, a good compromise

We demonstrated that silk, although being a strong fiber, 
does not surpass synthetic filaments. However, the interest 
of silk and mostly of spider silk, resides in its versatility 
(Fig. 6). Where other materials possess either one strong 
feature or another, it is possible for silk to have both a resist-
ant and elastic (or plastic) behavior (Huang et al. 2018). 
This is a characteristic of biopolymers, that results of the 
chemical bonds between the chains and their structure (see 
Sect. 1.2): the very developed network of hydrogen bonds 
between amino acids in the relaxed thread and the covalent 
bonds between proteins in the nanocrystalline regions as a 
safety backup when stretched (Nova et al. 2010). The ratio 
between resistance and elasticity for silk and mostly spider 
silk, is unique to considered materials (Fig. 6).

Torsion and shape memory

Although common understanding around shape memory 
suggests the implication of metallic alloys (Huang et al. 
2010), which are mostly concerned by this property as they 
return to an original state after a thermal deformation, some 
polymers also behave as so. When twisted, the spider thread 
goes back to its original position, as do most of fibers like 
 Kevlar® or copper. But unlike these materials, who have a 
pendulum like movement before returning to their original 
equilibrium, spider silk returns to its pristine shape without 
oscillations thanks to its high damping coefficient. After a 
first torsional stress, the fiber shows a major energy dissipa-
tion (about 75%) (Liu et al. 2017 Peculiar torsion dynamical 
response of spider dragline silk). This absence of swinging 



1746 Environmental Chemistry Letters (2021) 19:1737–1763

1 3

reduces the risks of dislocations and ruptures inside the 
protein chains; hence, the spider thread keeps its integrity 
after torsion and can even endure several torsional stresses 
without losing its mechanical properties. Recent studies 
even suggest a fatigueless and superelastic behavior, where 
the original nanostructure and detorsion capacities remain 
unchanged after thousands of twisting spins per cm of 
thread (Kumar and Singh 2014). Number of twisting cycles 
at breaking point is the highest in spiral threads, followed 
by dragline (Kumar et al. 2020). With this ability, spider 
silk can return to its original shape without any temperature 
modifications (Emile et al. 2006) (Fig. 7).

Supercontraction

Unlike other artificial polymers and even Bombyx mori’s silk, 
spider dragline is capable of supercontraction in a humid envi-
ronment (Work; Aguilar and San Román 2019). The maximum 

of supercontraction is reached for a dragline of Nephila clavi-
pes at 70% of humidity. In these conditions, the thread shrinks 
up to 50% of its original length and generates a stress reac-
tion up to 140 MPa. The rate of increase of the humidity in 
the air also plays a role in the supercontraction efficiency, an 
increase of 1%/s doubles the stress response from the mate-
rial (in comparison with a 2%/s rate) (Agnarsson et al. 2009). 
When dry, the spider silk behaves as a glassy material: it shows 
a certain elastic behavior until it extends irrevocably and 
then breaks. This is due to the disruption of hydrogen bonds 
between the chains of proteins (in the amorphous regions), 
which can reform themselves after the tension applied on the 
fiber stops. When moisturized, the water plasticizes the amino 
acids chains and reduces the elastic modulus, which increases 
the elastic potential of the fiber before its plastic extension. 
During supercontraction, the thread is hence more extensi-
ble, slightly heavier, softened, swollen, and more ductile. This 
profile confers the fiber an useful feature: as a prey flies into 

Fig. 6  Position of diverse fibers. Are considered strong materials with 
an average ultimate tensile strength over 0.95 GPa, elastic materials 
with a strain at break over 7%. These thresholds were based on the 
median value of all our fibers’ average numbers for each property. Of 
all fibers compared for their mechanical characteristics in this review, 
only spider silk (dragline and flagelliform threads) embodies a crosso-
ver between strength (values obtained for ultimate tensile strength), 
elasticity (values obtained for strain at break) and organic nature. 
The advantage of a bio-sourced fiber in comparison with petrol-
based material, is that not only its synthesis is realized in water and 
without high energy input, but also its breakdown after use can be 
achieved in nature without toxic consequences for ecosystems. Ref-
erences for  Kevlar® (n = 2/2) (Quintanilla),  Zylon® (n = 3/3) (Seely 

et al. 2004; Kumar et al. 2002; Zhang et al. 2018; Hao et al. 2019), 
 Vectran® (n = 1/1) (Tanaka and Moritaka; Clements 1998; Ward 
2012), UHWPE (n = 1/1) (Ogawa et  al.; Dayyoub et  al. 2019), elas-
tane (n = 1/1) (Senthilkumar et al. 2011), Nylon 6 (n = 4/4) (Rangari 
et al. 2008; Bhattacharyya et al. 2009), spider’s silk (n = 4/4) (Heim 
et  al. 2009; Teule et  al. 2012), silkworm’s silk (n = 13/18) (various 
sources referenced in) (Zhao et al. 2006), Curaua (n = 3/2) (Yan et al. 
2016; Monteiro et al. 2010), PALF (n = 2/2) (Yan et al. 2016), Ramie 
(n = 1/1) (Kumar et al. 2020), cotton (n = 2/2) (Yan et al. 2016), Flax 
(n = 2/2) (Yan et al. 2016; Zhu et al. 2013) and wool (n = 3/4) (Smith 
et al. 2014; Yükseloğlu et al. 2015). n: number of gathered values per 
mechanical property (ultimate tensile strength/strain at break)
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the web, the kinetic energy is better dissipated than it is in 
the dry material (Boutry and Blackledge 2013; Blamires and 
Sellers 2019). The drying of the supercontracted fiber results 
in a contracted thread that shows mechanical properties simi-
lar to superior to a pristine fiber once it is relaxed back to its 
original length (being less stiff, more extensible, more resist-
ant and tougher) (Guinea et al. 2005; Blackledge et al. 2009). 
If not stretched after supercontraction, fibers tend to return to 
their original length within a time going from a few minutes 
to a few hours, but remain shorter than pristine ones (Elices 
et al. 2011). In spiral threads, from flagelliform glands, the 
changes of humidity also affect the silk, but in a different 
way: an increasing hygrometry swells the microscopic sticky 
droplets that confer the thread adhesivity (Opell et al. 2009), 
which rises the stickiness potential (Sahni et al. 2011). Also, 
these moisturized droplets act like water storage on the thread, 
which hydrates the silk even in low humidity context. The 
spiral threads are thus benefiting from a perpetual supercon-
tracted state, hence their outstanding elasticity (Vollrath and 
Edmonds xxxx). Interestingly, the supercontraction happens 
more efficiently under a fast increase of humidity reaching 
the threshold of 70%, but the following air drying also gener-
ates some subsequent stress on the fibers. Blackledge et al. 
recorded stress peaks up to 140 MPa in Nephila threads as 
the humidity gradient switched from high to low (below 50%) 
after a first supercontraction phenomenon (Blackledge et al. 
2009). This was characterized as a cyclic contraction process. 
Supercontraction is a unique property in spider silk. Artificial 
fibers have been designed to imitate such phenomenon, trying 
to reach the biomaterial’s potential, with promising results (Shi 
and Yao 2020; Wu et al. 2018).

Thermal properties

Thermal stability

Spider silk are only completely degraded at more than 
1000 °C. The material keeps its integrity at 94% until the 
temperature of 230 °C and then drops (Cunniff et al. 1994), 

all previous weight loss being due to water evaporation. The 
analysis of crystals in the fibroin chains of the spider silk 
under heating showed that there is a destruction in the first 
type of crystals from 100 °C and 350 °C for the second 
type in Nephila spider silk (Sheu et al. 2004), respectively, 
250 and 260 °C for Bombyx mori’s silk (Lu et al. 2011). 
Moreover, the tensile behavior of the spider fiber remains 
almost unchanged from ambient temperature to 150 °C. 
Interestingly however, the ultimate tensile strength and strain 
at break show remarkable increases when the temperature 
gets negative: up to twice their potential at 25 °C when they 
reach − 60 °C and 63% stronger at − 196 °C than at room 
temperature. The toughness of the fiber is also enhanced by 
lower temperatures (Yang et al. 2005). Fibers that achieved 
supercontraction at least once suffer molecular degradation 
at lower temperatures than pristine ones, with a significant 
difference between 350 and 450 °C (Blackledge et al. 2009). 
For comparison purposes and although these materials are 
used for their resistance to frictions, Nylon 6 is not degraded 
until 150 °C,  Kevlar® until 250 °C (Li and Huang 1999), 
making  Kevlar® the closest homologue to silk. Some very 
high texturized fiberglass fibers like  Zetex®, or PBI (poly-
benzimidazole), novoloid, polyphenylene sulfide fibers, can 
resist temperatures between 260 °C and 1095 °C (Raheel 
1994). However, their mechanical properties might be 
affected under long exposure to such heat.

Thermal conductivity

Unlike most of comparable polymers, silk also shows a 
remarkably high thermal conductivity. As this parameter 
depends on the alignment of the protein chains, it also 
increases when the fiber is stretched, going from 349 in 
the relaxed state (3.9% of elongation) to 416 W m−1 K−1 
(19.7% of elongation) in Nephila clavipes dragline (Huang 
et al. 2012). In terms of thermal properties, spider silk hence 
differs from other polymers, even from silkworm’s silk, 
who has a low thermal conductivity about 4.7 W m−1 K−1 
in optimal conditions (Huang et  al. 2012),  Kevlar® 

Fig. 7  Pristine spider silk fiber 
(top) after moisturization (bot-
tom), showing the shrinking 
effect of supercontraction. The 
hydration of the amorphous 
chains result in the creation 
of numerous hydrogen bonds 
between the protein domains, 
resulting in the overall contrac-
tion of the thread (Guinea et al. 
2005; Dionne et al. 2017)
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(0.04 W m−1 K−1), or Nylon 6 (0.25 W m−1 K−1) (King 
et al. 2004). Only carbon nanotubes possess a largely higher 
thermal conductivity, reaching 6000 W m−1 K−1 (Collins 
and Avouris 2000).

Electrical properties

Electrical conductivity

Silk by itself is a relatively poor conductor for electricity 
and can only provide scaffold fibers for other conductors 
(Steven et al. 2013). The conductivity of such an hybrid 
structure however depends on the relative humidity of the 
context, from 40% of humidity, the conductivity of the fiber 
will increase linearly (Steven et al. 2011). Conductivity also 
depends on the coating of the thread, studies so far describe 
threads coated with iodine, carbon nanotubes or gold, giv-
ing possibilities for the hybrids material to ally spider silk 
mechanic characteristics and conductivity of well-known 
superconductors (Steven et al. 2011). Both spider and Bom-
byx silk have been hybridized with other materials, respec-
tively, carbon nanotubes and BEDT-TTF (based organic 
molecular conductor) and shown the unique properties of the 
silks topping the conductivity of these materials (supercon-
traction, elasticity, resistance, thermic properties) (Steven 
et al. 2014). Spider silk’s fibroin has also been used in the 
conception of electronical devices (memristor) for its biode-
gradable features and ease of preparation (Sun et al. 2015).

Piezoelectrical properties

Silk fibroin, as a semi-crystalline biomaterial, shows shear 
piezoelectricity, at a level of about 1 pC/N, 0.36 pC/N for 
spider fibroin (Karan et al. 2018). For comparison, quartz 
shows the similar behavior with 2 pC/N (Yucel et al. 2011) 
and currently leading piezoelectrical material LZT or PZT 
(lead/plumb zirconate titanate) 100 to 1300 pC/N. Yucel 
et al. (Yucel et al. 2011) established that the abundance of 
crystalline structures in beta-sheets of fibroin was correlated 
with its piezoelectrical activity. Despite its relatively low 
range, silk could find applications in several domains. It fig-
ures among the several non-toxic, biodegradable and bio-
compatible materials that are currently used for biomedicine, 
like cellulose paper, PVDF (polyvinylidene difluoride) and 
aluminum nitride (Sappati and Bhadra 2018). Aluminum 
nitride films on PET’s piezoelectric response has been 
reported by Akiyama et al. to reach 0.7 pC/N, with applica-
tion for pressure sensors, namely human pulse (Akiyama 
et al. 2006). With a comparable activity and similar fits for 
such applications, silk could stand as an alternative: in 2018, 
Karan et al. worked on another type of application for spi-
der silk: self-charging devices. The conversion of mechani-
cal energy into electrical power through the piezoelectric 

behavior of spidroins has been described as remarkable and 
could lead to the design of nano-generator using the body 
natural motion to function (Karan et al. 2018).

Biocompatibility

Over the past decades, silkworm’s silk has been studied for 
its biocompatibility in order to create biomaterial for tissue 
regeneration (Krishna et al. 2010). The biopolymer, rid-
den of its sericin coating (crucial step to prevent infections 
and rejection (Altman et al. 2003)), presents the qualities 
of a porous scaffold for cell growth. Pristine pure fibroin 
is relatively well accepted by the biological structures, as 
its presence do not trigger an immune reaction, nor does it 
lose its semi-crystalline structure. Its cytocompatibility is 
higher than synthetic tissue culture polystyrene, commonly 
employed for that use (Wray et al. 2011; Lerman et al. 2018). 
Spider’s egg sac silk also shows advantages for biomedical 
uses; after enzymatic cleaning, the fibers have higher bio-
compatibility, can resist heavy loads (like organic tissues) 
(Gellynck et al. 2008) and keep their toughness in aque-
ous environments (Viney). Both polymers, spider and silk-
worm’s silk, have shown very slow degradation throughout 
time in aqueous conditions. Both also surpass some other 
synthetic homologues like  Vicryl® (polyglycolic acid) in 
the maintenance of their mechanical properties (Gellynck 
et al. 2008).

Electrospinning of silks

Just as we understand the exceptional potential of silk 
whether it is for its chemical structure, its versatile mechan-
ical properties or its biocompatibility, various techniques 
are employed to create derived materials. Silks are used in 
gels, fibers, sponges, resins, powders, films, for also various 
purposes in numerous domains (Basu 2015). Of all, elec-
trospinning resembles our biological models the most: for 
the nano-spinning of a continuous fiber hardened from a 
liquid proteinic dope (Li et al. 2003). Different authors even 
started to mimic the perfected skill of the spinning spider. 
Among them, in 2008, He et al. got inspired to create an 
electrospinning process (known as bubble electrospinning) 
that reproduces the spinning dope bubbles that a spider 
produces at the tips of the microtubules before the shear-
ing of the fiber (He et al. 2008). Viscosity of the spinning 
dope and temperature of spinning are now to be adjusted. In 
2009, Jirsak et al. invented a variant method of conventional 
electrospinning that could produce industrial quantities of 
electrospun material, instead of the gram/hour quantities 
currently reached by the process (Jirsak et al. 2009). Unlike 
conventional electrospinning, the technique projects sev-
eral silk streams at the same time, mimicking the spider’s 
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fibroin nanofibrils (Sasithorn and Martinová). Although for 
now, mostly conventional electrospun silk’s outcomes have 
been investigated, industrial and yet biomimetic production 
of the material might be a reality tomorrow. Additionally, 
electrospinning technique is most commonly used to design 
substrates for applications such as cell growth, protection 
and embedment of sensors or drugs (drug delivery). Con-
sidering the advantages of silk and their subsequent poten-
tial applications, our biopolymer’s strengths and these listed 
applications are a functional match, electrospinning silk is 
therefore relevant (Kumar et al. 2018).

Electrospinning advantages

Electrospinning, unlike weaving methods, allows the obten-
tion of large specific surface of nonwoven textile with a very 
thin scale, down to tens of nanometers (Bognitzki et al. 
2001). It is a technic that compiles ease of use and possibil-
ity of large-scale production. The interest of such a small 
level of design is that determination of porosity (and size 
of pores), morphology (alignment, diameter) of fibers and 
other emergent properties (integration of sensors) is poten-
tially very precise (Li and Xia 2004; Agarwal et al. 2008). 
Interestingly, modifying the setup of the electrospinning 
apparatus lead to different types of fibers, where the opti-
cal, magnetic, electronic and biological properties vary. It 
is even possible to use specific spinnerets to create a range 
of secondary structures, like hollow fibers, or cores coated 
with a different polymer. The electromagnetic fields that 
apply on the projected fiber not only reduce its diameter, 
but can also determine a targeted area for the textile to be 
locally thickened (Li and Xia 2004; Zhang and Chang 2008). 
The electrospun scaffolds usually share a compatibility with 
biological tissues, and can even mimic histological struc-
tures, even though its applications do not stop to biopoly-
mers (Nune et al. 2017). Hybrid spinning dopes have already 
been successfully electrospun, optimizing the properties of 
both polymers, like bicomposites of organic and synthetic 
compounds (Stankus et al. 2008).

Electrospinning basics

Electrospinning is a spinning technique using an electrical 
input to create a fiber from a polymer solution. Unlike regu-
lar spinning processes, this method allows the creation of 
scaffolds and mats with a nanometric scale (fibers and pores) 
(Leach et al. 2011), regularity of the texture, outstanding 
surface properties and thinness of the produced material 
(Knapczyk-Korczak et al. 2020).

The universal setup for electrospinning includes, as illus-
trated in Fig. 8, a syringe filled with a polymer solution. 
The injection pump presses the solution at a defined speed, 
forming a droplet at the tip of the needle. A source of power 
creates an electrical field between the needle and the col-
lector screen, surpassing the surface tension of the liquid 
droplet. This results in the formation of the Taylor cone and 
the projection of a nanometric fiber through the air. The fiber 
eventually lands in a random order on the collector (Mitchell 
and Tojeira; Shin et al. 2012). While the polymer fiber is 
projected in the air towards the collector, the solvent that 
kept it in a liquid phase evaporates, reducing the diameter of 
the fiber to the nanometric level (Sukigara et al. 2004). The 
collector can be rotated all along the process, to create the 
mesh on a larger surface. External parameters while operat-
ing electrospinning influence the quality of the final spun 
sample. The humidity of the air and the temperature must be 
kept constant and monitored, thus, a confined experimental 
area is recommended. A flow cabinet also prevents the inha-
lation of toxic fumes (from the solvents) during the process 
(Lang et al. 2013).

Obtention of silk proteins

Before electrospinning, the spinning dope must be pre-
pared out of fibroin proteins. The obtention of these pro-
teins varies depending on the sources (Fig. 9). Most of 
silk electrospinning protocols work with Bombyx mori 
silk. The polymer is directly extracted from insects’ 
cocoons. The pupas can be bought from life sciences and 

Fig. 8  Setup for silk electro-
spinning. The injection pump 
pulls the polymer solution in the 
syringe, linked to a conductor. 
The high-voltage input creates 
a cone of Taylor at the tip of 
the needle. The stream jet is 
propelled through the air in 
a random manner and stacks 
in a nonwoven canvas on the 
collector
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biotechnology companies, or from sericulture farms. In 
the case of spidroins, protocols including web harvests 
from live animals exist, but are rather rare (Zarkoob et al. 
2003; Zhou et al. 2008), due to the difficult production 
of necessary quantities as spiders do not naturally live in 
groups. Most of studies make use of recombinant spider 
fibroin, like ADF-3, ADF-4, pNSR16, MaSp1 (Peng et al. 
2016) and MaSp2, that call for hosts as feedstock for silk 
protein production (Xu et al. 2018). These are the proteins 
issued from the expression of Nephila clavipes’ genes 
regulating the fibroin production. These genes have been 
transferred into silkworms’ genomes so that they could 
synthetize their cocoon out of a silk that would have the 
qualities of spider silk. This recent technique, allowed 
by the improvement of biotechnologies and the possible 
combination between silkworm and spider’s fibroin, is 
among the most efficient with more than 30% of the pro-
duced silk being spidroin (Xu et al. 2018). Also, as the 
obtained product resembles a natural silkworm’s cocoon, 
further manipulations can follow well-described proto-
cols for Bombyx silk. However, other groups have worked 
with proteins issued from different vectors, like geneti-
cally modified E.coli (Leal-Egaña et al. (2011); Lang 
et al. 2013; Peng et al. 2016), or other prokaryotic vectors 
(Zhao et al. 2017), goat milk (Kandas et al. 2018), yeasts 
or plant vectors (Vendrely and Scheibel 2007; Xu et al. 
2018), with various applications (Table 3) and (respec-
tively decreasing) yields (Fig. 9).  

Electrospinning of silkworm’s silk

Degumming the silk

The first step in the electrospinning of a polymer, is the 
preparation of the spinning dope. Electrospinning of silk of 
Bombyx mori has been described in several studies these last 
decades, for the fabrication of nonwoven mats with applica-
tions in filtration or biomedicine (Vepari and Kaplan 2007). 
Working from scratches, with silkworms’ cocoons, the first 
step consists of degumming the silk, removing the sericin 
coating from the fibroin core. This is necessary to reach the 
maximal resistance features and also provides the final mate-
rial more luster and softness. Degumming can be achieved 
through several processes, with soap (Marseille soap (Ohgo 
et al. 2003)) and water, using proteases, or alkaline solution 
(Gulrajani 1992), but most recent studies advise a simple 
boiling, at 90 °C in water for 60 min (Altman et al. 2003). 
Works on Antheraea pernyi, another silkworm, suggest the 
use of 2.5 g/L aqueous solution of  NaCO3, to boil three sepa-
rate times the silk cocoons during 30 to 45 min (100 g of 
cocoons for 5L of solution) (Tao et al. 2007). Degummed 
silk fibers must be dialyzed overnight in demineralized water 

and dried under a flow until lyophilization (possibly heated 
to 60 °C) (Tao et al. 2007).

Issolution and solubilization of the fibroin fibers

Before electrospinning the silk fibers, it is necessary to dis-
solve them into a first solvent and suspend them in a second 
one, that will be the spinning dope. Working directly from 
the glands of the silkworm (studies on Antheraea mylitta), 
it is possible to directly dissolve and suspend fibroin pro-
teins in a solvent, SDS (sodium dodecyl sulfate) 1% (in 
10 mM Tris pH8 and 5 mM EDTA) (Mandal and Kundu 
2008). Working from degummed silk cocoons, fibroin fib-
ers are dissolved in a solvent, like LiBr (Inouye et al. 1998), 
Ca(NO3)2 (Altman et al. 2003), or aqueous  CaCl2 (Ayutsede 
et al. 2005) and dried and lyophilized under a flow or by 
heating at 60 °C (Tao et al. 2007). After lyophilization, the 
fibroin sponge is dissolved in formic acid (Sukigara et al.), 
possibly supplemented with small amounts of  CaCl2 (Vepari 
and Kaplan 2007), or in hexafluoroisopropanol, or in HFA-
hydrate solution (Ohgo et al. 2003), or simply in water (Zhou 
et al. 2009), but for short periods of time (Altman et al. 
2003). Electrospinning parameters, including dope concen-
tration, remain at the appreciation of the operator. Changes 
in solvents, or slight differences in the device features can 
modify the outcome. It has been demonstrated, for example, 
that a higher concentration of the dope generates thicker fib-
ers with less beads (Zhang et al. 2009).

Spinning of the dope

Once solubilized, the fibroin solution is filled into the 
syringe for electrospinning. Bombyx mori silk is spun in a 
needle at a definite spinning angle. The spinning distance 
from the needle to the collector varies depending on uses 
(Table 3), with a voltage between 10 and 35 kV (refer-
ences in Table 3). This, however, depends on the type of 
solvent used for the solubilization of the fibroin and must 
be adjusted depending on the operator’s live appreciation 
(Zhou et al. 2009; Leach et al. 2011). The flow rate is set 
between 0.2 and 4 mL/h (Pang et al. 2019; Shehata et al. 
2019), at ambient temperature, and air humidity adjusted 
by the flow cabinet, remaining under 30% (Meinel et al. 
2009). After spinning, the obtained mat is immersed in a 
bath of methanol or ethanol for various times (Min et al. 
2004) and dried. The effects of these compounds and their 
time of application on the mechanical characteristics have 
been well assessed by Amiralyan et al. (Amiraliyan et al. 
2010). This induces the crystallization of the fibers (Zhou 
et al. 2009; Zhang et al. 2012) and also reduces the poros-
ity of the mat (Vepari and Kaplan 2007). Another possible 
post-treatment implies the exposition of the mat to glutar-
aldehyde (GA), to modulate physico-chemical properties 
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Table 3  Electrospinning parameters for pure and hybrid fibroin mats, used in diverse applications. The fibroin is issued from silkworm’s 
cocoons, recombinant eADF4(C16), pNSR16, or MaSp1 and MaSp2 spider silk proteins, or natural spider silk

Type of silk/
dope

Dope con-
centration in 
fibroin (%)

Spinning 
solvent

Flow rate 
(mL/h)

Voltage (kV) Distance (cm) Needle (G) Mat usage References

Bombyx mori 
fibroin

12 Formic acid – 12 10 22 Bone regen-
eration

Ki et al. (2008)

Bombyx mori 
fibroin

9 to 15 Formic acid – 30 10 18 Experimental 
characteriza-
tion

Ayutsede et al. 
(2005)

Bombyx mori 
fibroin

37 to 41 Water – 18 to 35 18 to 30 – Tubular grafts Zhou et al. 
(2009)

Bombyx mori 
fibroin and 
PEO

12.5 Ultra-purified 
water

1.2 12 to 15 19 – Cell growth Meinel et al. 
(2009)

Bombyx mori 
fibroin and 
PEO

7.5 Water 1.8 12.5 21.5 14.5 Bone marrow 
culture

Jin et al. (2004)

Bombyx mori 
fibroin, PEO 
and hPL

6 Water 1.2 23 30 19 Drug delivery Pignatelli et al. 
(2018)

Bombyx mori 
fibroin, PEO 
and EGF

8 Water 1.2 10 to 11 15 to 21 14.5 Wound dress-
ing with 
epidermal 
growth 
factor

Schneider et al. 
(2009)

Bombyx mori 
and gelatin

13 Formic acid 0.03 16 13 23 Experimental 
characteriza-
tion

Mohammadza-
dehmoghadam 
and Dong 
(2019)

Bombyx mori 
and  TiO2

20 to 21 Water 1 19 to 20 42 – Pesticide pho-
tocatalytic 
degradation

Aznar-Cer-
vantes et al. 
(2020)

Bombyx mori 
and fluores-
cent dyes

6 to 10 Formic acid 0.2 15 15 18 Fluorescent 
textile

Pang et al. 
(2019)

A.labyrin-
thica spider 
fibroin, 
PDLLA

11 – – 15 to 30 15 20 Experimental 
characteriza-
tion

Zhou et al. 
(2008)

Recombinant 
spider fibroin

3 to 5 Tris/HCl 0.42 15 18.5 18 Experimental 
characteriza-
tion and GFP 
bounding

DeSimone et al. 
(2020)

Recombinant 
spider fibroin

10 to 15 HFIP 0.42 22.5 18.5 18

Recombinant 
spider fibroin

4 to 24 HFIP 0.42 - 18 18 to 22 Fibroblasts 
culture

(Leal-Egaña 
et al. 2011)

Recombinant 
spider fibroin 
and polyvi-
nyl alcohol

15 Formic acid 3 to 7 80 to 100 18 to 22 20 Wound dress-
ing

Zhao et al. 
(2017)

Recombinant 
spider fibroin

10 HFIP 0.315 22.5 8 to 20 20 Air filtering 
device

Lang et al. 
(2013)

Recombinant 
spider fibroin 
and cerium 
oxide

– – 1 26 10 30 Optical fluo-
rescent mat

Kandas et al. 
(2018)
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of fibers and their biocompatibility (Mohammadzade-
hmoghadam and Dong 2019). Sukigara et al. 2004 deeply 
investigated the outcoming diameters through varying the 

concentration of the dope and the electric field for silk 
electrospinning. The radiant correlation between these 
parameters and the obtained fiber can help choosing 
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the best electrospinning program (Sukigara et al. 2003). 
Eventually, the length of the unique spun fiber can reach 
over 1000 km (Amiraliyan et al. 2010).

Electrospinning of spider’s silk

Spider silk, unlike Bombyx mori’s, is usually found in 
late researches as a recombinant protein, known as 
eADF4(C16). This protein originates from the genes 
of Araneus diadematus for fibroin synthesis, and there-
fore does not require a degumming treatment, since it 
is already lacking sericin (Lang et al. 2013; DeSimone 
et al. 2020). In the rare studies where natural spider web 
have been used, the silk (from Agelena labyrinthica) 
has been rinsed several times in distilled water and then 
purified in acid formic at 70 °C for 7 days, before being 
mixed with PDLLA and electrospun (Zhou et al. 2008). 
In other works, purified fibroin proteins are dissolved 
in hexafluoroisopropanol (Lang et al. 2013) possibly in 
addition with formic acid and hexadecyl trimethyl ammo-
nium bromide (Shehata et al. 2019), or 10 mM Tris/HCl 
pH 7.5 with addition of PEO400 (DeSimone et al. 2020). 
They are filled into a syringe. The basic functioning of 
the electrospinning device is the same as in Bombyx’s 
silk spinning, with the following parameters: 8 to 20 cm 
of distance between the needle and the collector, needle 
voltage between 15 and 30 kV, flow rate between 0.32 
and 0.4 mL/h, air humidity between 15 and 60% (Lang 
et al. 2013; DeSimone et al. 2020), ambient temperature. 
Here again, the parameters are up to the appreciation of 
the operator, for the formation of a steady cone of Taylor 
and a regular flow (Leach et al. 2011). Post-treatment of 
the obtained mat includes spraying of ethanol for 90 min 
at 60 °C (Lang et al. 2013). In the case where PEO has 
been used as a stabilizing additive for the spinning, it is 
removable from the mat by water rinsing, as PEO is solu-
ble in water, and spider silk is not (Shehata et al. 2019).

Choice of solvents

Regarding the possible applications of silk non-woven mats, 
a majority of them being in biomedical and regenerative 
medicine domains, it is important to choose solvents that 
are life friendly. Not only saving some detoxifying stages 
from the protocols, a green solvent is also safer for the user 
during manipulation. Some of the mentioned solvents for 
degumming and dissolution are mildly irritating for human 
skin because of their basicity and detergent potential, such 
as  NaCO3 or Marseille soap, or SDS, but not dangerous 
for environment. De Simone et al. recommended in their 
experiments the use of Tris/HCl buffer and PEO400 instead 
of hexafluoroisopropanol, because of the relative safety of 
manipulation of this aqueous protocol and compatibility 
with organic tissues without further post treatments (Desai 
et al. 2019; DeSimone et al. 2020; Salehi et al. 2020). It is 
worth mentioning that although the use of PEO allows more 
stability in the viscosity parameter during the electrospin-
ning process, its employ requires its elimination as a post 
treatment, through heating the mat to 100 °C, hence increas-
ing the energy input of this protocol (Jin et al. 2004). Also, 
the use of a setup such as bubble electrospinning (He et al. 
2008) instead of traditional electrospinning can fix some 
issues in this viscosity stability. Finally, formic acid, used 
in most of protocols as a final solvent for the spinning dope, 
must be used with precautions as it is corrosive for lungs, 
skin, eyes, etc.

Obtained results

Bombyx silk’s mats

Electrospun mats of Bombyx mori were successfully syn-
thetized in literature. Reported ultimate tensile strength 
and strain at break were, respectively, between 13.6 and 
14 MPa and between 4 and 40% (Table 4) (Ohgo et al. 
2003). Studies led on electrospun Bombyx mori’s silk 
reveal that the numerous spinning parameters are affecting 
the final mat’s features. Molecular weight of the spinning 
dope, solvents used, and post-spinning treatments highly 
influence the mechanical properties such as ultimate ten-
sile strength and strain at break (Zhang et al. 2012). Post-
spinning dipping in methanol under heating contributes to 
shrink the fibers and hence reduce the overall porosity of 
the mat, which rises to 68% (Min et al. 2004). Parameters 
of electrospinning influence the final result: distance of 
spinning, concentration of the dope, voltage, and flow rate 
affect the morphology of the fibers, including its diam-
eter. A low concentration leads to fibers bearing beads, 
poorly smooth, whereas a high concentration creates con-
tinuous and uniform fibers (Min et al. 2004; Zhang et al. 
2012). Characterization of mats has not been described 

Fig. 9  Protocols for solubilization of silk proteins from silkworms 
(left) and spidroins (right). Degumming and dissolution of silk are 
necessary for silkworm cocoons, and very rarely observed in spider 
think electrospinning, as the proteins are obtained from recombinant 
spider silk instead of natural fibers (Table  3). Degumming consists 
of washing the sericin off the silkworm’s silk often achieved in an 
alkaline detergent solution, sericin being a glue-like protein with lit-
tle biocompatibility (Altman et al. 2003). Solvents used for prepara-
tion of the spinning dope vary depending on the type of silk: for silk-
worm’s silk, the solvent can be formic acid or HFIP (Table  3), but 
biomedical applications prefer water, for spider’s silk, the organic sol-
vent HFIP is the most used, but DeSimone et al. suggested an aque-
ous spinning dope based on the use of Tris/HCl (DeSimone et  al. 
2020). Post-treatments include vaporization or bath of methanol, 
water or ethanol (Min et al. 2004; Lang et al. 2013),

◂
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extensively, no more than their comparison with pristine 
silk’s mechanical properties. Most of the studies rather 
focused on the efficiency of the mats in their respective 
applications, such as biocompatibility for example.

Although natural spider silk is composed of thinner 
threads than Bombyx mori’s cocoons, literature suggests 
that the minimal diameter observed in electrospun mats 
rises to 8 nm (Zarkoob et al. 2003) and can reach more 
than 1000 nm in certain spinning conditions (Table 5) 
(Zhou et al. 2008). Here again, spinning parameters affect 
the fibers’ final topography and therefore the few obtained 
results might not be the full possible spectrum. Tests real-
ized on aligned electrospun fibers of recombinant spider’s 
fibroin (known as MaSp1) indicate an ultimate tensile 
strength of 9.6 MPa, and an strain at break of 14.3% of 
the obtained mats. Most of studies led on electrospun spi-
der silk actually concern composites, as engineers aims to 
compile the mechanical advantages of a certain material 
(like extremely resistant carbon nanotubes) and the diverse 
features of spider silk (see Sect. 2). Just like for silkworm’s 
silk mats, mechanical characterization values have barely 
been reported so far.

High value applications for electrospun silk

It has been made clear (see Sect. 2.) that silk and even more 
spider silk possess unique properties which are employed 
into multiple applications. Electrospinning silk remains nev-
ertheless a recent technology. Characterization of obtained 
mats is not standardized into common protocols, and it is 
unsure in literature if the values observed for mechanical 
(and other) characteristics of silk are preserved in the elec-
trospun products, for the very structure of the fiber is modi-
fied through this method. Nevertheless, applications exist 
and are reviewed below.

Biomedical applications

Wound dressing

As silk has been used for millennia to stop bleeding and 
wrap wounds (Salehi et al. 2020), electrospun fibers of 
silkworm (Schneider et al. 2009; Wharram et al. 2010) and 
spider silk (Zhao et al. 2017) was tested to be an efficient 
material for wound dressing. The proper dressing for an 
open injury or a burn to heal correctly requires protection 

Table 4  Characteristics of non-woven mats made out of silkworm silk dope. Spider silk mats 

Characteristic Bombyx mori References

Fiber diameter (nm) 6.5 to 6100 Zarkoob et al. (2003); Min et al. (2004); Ayutsede et al. (2005); Meinel et al. (2009); 
Aznar-Cervantes et al. (2012); Zhang et al. (2012)

Morphology Beads to cylindrical 
(low dope concentra-
tion)

Continuous to ribbon-
like (high concentra-
tion)

Min et al. (2004); Zhang et al. (2012)

Ultimate tensile strength (MPa) 13.5 to 74 Jin et al. (2004); Amiraliyan et al. (2010); Yi et al. (2018); Mohammadzadehmogh-
adam and Dong (2019)

Strain at break (%) From 4 to 40 Ohgo et al. (2003); Jin et al. (2004); Amiraliyan et al. (2010); Zhang et al. (2012); 
Mohammadzadehmoghadam and Dong (2019)

Porosity (%) 62 to 68 Min et al. (2004); Mohammadzadehmoghadam and Dong (2019)
Water uptake capacity (%) 405 Mohammadzadehmoghadam and Dong (2019)
Temperature of degradation (°C) 250 Pang et al. (2019)

Table 5  Characteristics of electrospun spider silk mats

Characteristic Spider silk References

Fiber diameter (nm) (Nephila Clavipes) 8 to 1200 Zarkoob et al. (2003); Zhou et al. (2008)
Morphology (at 80 kV, 20 cm distance, 5 mL/h) Smooth without beads Zhao et al. (2017)
Ultimate tensile strength (MPa) 10 to 25 Zhang et al. (2009, 2012, 2014, 2018); 

Kandas et al. (2018)
Strain at break (%) 14 to 16 Kandas et al. (2018)
Porosity (%) 85 Zhao et al. (2017)
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from pathogen infections, gas passage, water retention, and 
mechanical protection. Electrospun silk mats have a rela-
tively good oxygen permeability (a property of electrospun 
wound dressings), that does not prevent the supply of oxy-
gen to the skin, necessary to the healing (Chomachayi et al. 
2016). This characteristic also prevents the proliferation 
of pathogenic anaerobic bacteria in the wound (Wharram 
et al. 2010). Then, the high water uptake of silk, conserved 
in mats (Mohammadzadehmoghadam and Dong 2019), 
provides a moist environment for the wound. Electrospun 
mats are thin: about 1 mm in thickness. As their nanometric 
structure is close to the physiological tissues of the human 
body (Martins et al. 2007), the diffusion of natural home-
otic compounds such as growth factors for skin regeneration 
(cytokines, EGF (Schneider et al. 2009)) is effective. Thus, 
the body response towards the injury is not slowed down by 
a hermetic barrier, while being protected by the dressing 
(Zhao et al. 2017) and protected from infections (Schneider 
et al. 2009). Interestingly, fibers’ alignment randomness in 
mats is sometimes an obstacle to the regrowth of the organic 
tissues; however, method improvements for electrospinning 
made it possible to direct the orientation of the thread as it 
spreads on the collector (Sukigara et al. 2004).

Scaffolds for cell growth

A major number of studies mention electrospun spider silk 
mats as supports for cellular growth in regenerative medi-
cine. As a natural polymer, silk is thought to conserve its 
potential biocompatibility (Anton and Kremer 2016), and 
express properties that resemble natural tissues to some 
extends. In the case of cells, the growth depends on the 
binding on specific chemical domains, according to their 
hydrophobicity. Silk from certain silkworm’s fibroin (like 
Antheraea mylitta) composition is rich in polar, acid and 
basic amino acids, which helps with the adhesion of the cells 
on the scaffolds (Mhuka et al. 2013; Melke et al. 2016). The 
structure and porosity of the mats, unlike films that are usu-
ally used for wound dressing, allow the cultivated fibroblasts 
to thrive (Minoura et al. 1995) on 150 to 700 nm diameter 
meshes (Leal-Egaña et al. 2011) with relatively good rates: 
cells have an adhesion and a proliferation reaching 90% of 
the control plates’ potential. This is due to the important spe-
cific surface of these mats: the more complex the topography 
(Bauer et al. 2013), the more anchoring sites for fibroblasts’ 
filopodia, and therefore the more proliferation (Leal-Egaña 
et al. 2011). Studies led on diverse materials used for cell 
growth also show that over a porosity of 70%, the cellular 
proliferation is more efficient, hence the interest of electro-
spun silk (Zhao et al. 2017). Silkworm’s silk also served 
has cell growth scaffolds in some work. Electrospun mats of 
Bombyx silk have been shown to have potential for prolifera-
tion and adhesion of osteoblasts, but still remained outdone 

by synthetic supports such as culture polystyrene (TCPS) 
(Meechaisue et al. 2007). In this same approach, work by 
Ki et al. suggested that the conception of a 3D Bombyx silk 
fibroin scaffold, shaped as a sphere of randomly organized 
electrospun fibers, was more efficient in terms of cell adhe-
sion and proliferation, these parameters also affected by a 
higher porosity (94%) (Ki et al. 2008; Park et al. 2010).

Tissue engineering

The peculiar versatility of spider silk is used in several 
experiments as a strong and elastic prosthesis to replace 
fascia, in hernia repair. When compared with commercial 
synthetic homologues, the Nephila’s silk woven mat has 
shown a remarkable integration in the organic tissues, with 
a lower inflammatory response, better durability of mechani-
cal properties, and complete degradation observed after 
the healing of the wound (Schafer-Nolte et al. 2014). Even 
though applications with non-woven mats are not yet a real-
ity, the biocompatibility results of spider silk is encouraging, 
while prospecting for potential non-woven meshes applica-
tions. Bombyx mori’s silk, however, has already been used 
as an electrospun matrix to reconstruct damaged organic 
structures, such as blood vessels. Tubular scaffolds mimick-
ing arteries with mechanical properties overtaking original 
models were successfully conceived by Soffer et al. (Soffer 
et al. 2008) and others (Steiner et al. 2019). With an ulti-
mate tensile strength reaching up to 125% of an artery’s 
potential and an average burst pressure of 811 mmHg, far 
over the biological standard of 100 mmHg (Guyton 1991), 
these materials are very promising. Growth of endothelial 
and muscle cells have been observed to proliferate on the 
tubular scaffold. It makes it in an efficient support for grafts 
(Soffer et al. 2008). Bone tissues have also been grown on 
Bombyx fibroin electrospun mats, with a significantly higher 
proliferation of the osteoblasts on these scaffolds than on 
PLA synthetic homologues, which should contribute to the 
techniques of bone damage repairs and bone defect regen-
eration in future medical practices (Kim et al. 2005). These 
last years, Pawar et al. have been working on nerve guidance 
conduits made out of electrospun spider silk and collagen 
hybrid tubes. The peripheric tissues have shown excellent 
compatibility with cell growth and differentiation, the cells 
being able to achieve functional neuronal activity. Recombi-
nant spider silk provided the anti-inflammatory barrier to the 
collagen compounds, while allowing the passage of nutrients 
and gas exchanges (Pawar et al. 2019; Salehi et al. 2020).

Drug delivery

Drug delivery is a complex process, as the efficiency of 
the drug depends on the accuracy of the targeted organic 
structure, and the diffusion rate of the medication. Recent 
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advances in this domain have aimed to embed drug com-
pounds in vector-like entities, based on the chemistry and 
kinetics of their degradation. Fibroin proteins have the 
capacity to retain a chemical compound and release it in the 
targeted organ at a controllable rate, which depends on its 
degree of crystallinity. The drug, sequestrated into the chains 
of the silk proteins, is only available for diffusion after their 
degradation. A higher crystallinity of the fiber implies a 
slower degradation by body enzymes, which releases the 
drugs embedded in the amorphous zones of the silk at a 
slower rate. Since the crystallization of silk fibers in electro-
spun mats can be largely controlled by vapor treatment, the 
delivery rate can therefore be defined (Pignatelli et al. 2018). 
Schneider et al. used a blend of silkworm’s fibroin, PEO 
and EGF (epidermal growth factor) to design electrospun 
mats that release, when in contact with a wound, the heal-
ing compound at a controlled rate. After 6 days of contact, 
about 25% of the embedded EGF had been delivered from 
the fibers to the wound, very significantly accelerating its 
closure in comparison with control patients (Schneider et al. 
2009). More recently, Pignatelli et al. achieved a similar suc-
cess embedding hPL (human platelets lysate), a cocktail of 
growth factors which include EGF and cytokines in an elec-
trospun fibroin matrix.

Other applications

Air filtration and water depollution

As a biopolymer with mechanical properties compara-
ble with petrol-based materials to some extent, but with 
its organic and recyclable nature in addition, fibroin fib-
ers employ in similar applications have been investigated. 
Engineering project led by Lang, Jokisch and Scheibel used 
electrospun fibers of recombinant A.diadematus fibroin to 
create an air filter device. The mat, composed of fibers of 80 
to 120 nm of diameter, filtered particles of very small size, 
under the micrometric scale. The interest of electrospinning 
in this example is the regularity of the obtained mat: as the 
filter is composed of several layers of small-scaled meshes, 
the uniformity of the mat is high, and the risk of defects 
in the device is decreased (Lang et al. 2013; Jokisch et al. 
2017). Another recent example of utilization of electrospun 
silkworm’s fibroin is the insertion of  TiO2 nanoparticles in 
the silk mat for pesticide degradation. Silk, unlike numerous 
artificial alternatives, does not eventually break down into 
toxic compounds like microplastics in water. It also ensures 
the durable entrapment of TiO2 nanoparticles in the scaffold 
to avoid their release in nature. The mats were electrospun 
and atomized with the titanium dioxide, and their capac-
ity to photocatalyze a selection of pesticides when placed 
in polluted water was assessed. Tests showed a promising 
photooxidation of the pesticides, and a good durability of 

the mats’ degradation rate in time, ensuring their reusabil-
ity (Aznar-Cervantes et al. 2020). In this application, silk 
provides an adequate support for  TiO2, as the presence of 
 TiO2 in silk mats of films has also been observed to increase 
the crystallization of silk, tightening the meshes around the 
particles (Feng et al. 2010). Moreover, fibroin is compat-
ible with the photoactivity of the compound, and safe for its 
potential contexts of utilization in depollution.

Support scaffolds for polymers

In some applications, electrospun silk scaffolds are used for 
their relative strength and elasticity, potentially conserved at 
the nanometric scale. Their implementation into composites 
constitutes the support structure for other polymers with dif-
ferent (and often complementary) properties. Lately, mixing 
(not necessarily electrospun) silk and carbon nanotubes has 
offered a variety of applications for e-textiles and sensors. 
Ye et al., for example, have proofed that such a composite 
yarn conserved the properties of silk, previously described 
and of carbon nanotubes. Fabrics made out of this mate-
rial are sensitive to their environmental parameters, such 
as electrical conductivity, thermal variations, or mechani-
cal forces (Ye et al. 2019). This trend and its applications 
were explored using electrospinning. Studies led by Ayut-
sede et al. (Ayutsede et al. 2006) suggest the combination 
of the extreme strength of carbon nanotubes and Bombyx 
mori’s silk fibers through electrospinning, to increase the 
Young’s modulus of the carbon nanostructure. In another 
work on the same type of silk, scaffolds of silk fibroin coated 
with polypyrrole, an organic polymer used for its electrical 
conductivity, showed the same conductivity as free-stand-
ing polypyrrole, for an enhanced strain at break and rupture 
strength, an opportunity for their use in regenerative medi-
cine (Aznar-Cervantes et al. 2012). Unlike with spinning 
methods, these electrospun scaffolds benefit from a greater 
precision and uniformity in their design for applications at a 
lower and more delicate scale, like biomedicine.

UV‑related applications in textile

As for drug delivery or particles embedment, electrospun 
silk scaffolds can be implemented with a variety of com-
pounds. These compounds often possess a specific activity 
that is the core of the considered application, however, with-
out the support of the fibroin fibers, this activity could not 
be displayed in certain environments or on long-term. This 
is the case in textiles, for example, some compounds with 
reactions of interest under UV light cannot be implemented 
in regular fabrics or their activity maintained; however, the 
function is preserved in electrospun silk mats. Among these 
applications, the embedment of  TiO2 and  SiO2 in textiles is 
well-known to protect the fibers from UV, and accelerate 
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the photodegradation of staining compounds such as wine 
or coffee on fabrics (Kirstein 2013). A self-cleaning com-
posite of electrospun silkworm’s fibroin, polyvynil alcohol 
(PVA) and titanium dioxide has been designed by Wu et al. 
(2018). In another work, Pang et al. 2019 have successfully 
electrospun silkworm’s fibroin and three different fluores-
cent dyes in three blends. Using rhodamine, acridine orange 
or fluorescent sodium solubilized in the fibroin dope, they 
created samples of silk with applications as strips or icons 
shining under UV lights, for implementation on textiles. 
Obtained fluorescent colors ranged from the dark red to the 
bright yellow-green, depending on the concentration and the 
type of dye (Pang et al. 2019). Kandas et al. pursued the 
same goal in 2018 and created a spider silk electrospun mat 
embedded with cerium oxide, metallic nanoparticles with 
fluorescent properties. After exposure under UV, the mat 
emitted a green light, and its electrical conductivity behav-
ior changed depending on the humidity conditions and sur-
rounding media, which grants the material potential applica-
tions in intelligent textiles (Kandas et al. 2018).

Conclusion

Silk, the ancient natural fiber, has conquered far more than 
the textile market. These last decades of research have 
revealed the secrets of its nature, displaying the unique 
structure of fibroin: a semi-crystalline long chain of amino 
acids, whose modular chemical bonds ensure both signifi-
cant strength against rupture, and outstanding elasticity. The 
biomaterial, evolutionarily selected for these qualities, can 
withstand huge strain forces with remarkable resilience and 
be adapted to its contexts of use with a surprising versa-
tility. Whereas silkworm silk is an acclaimed fiber for its 
biocompatibility, its availability and ease of manipulation, 
the most inspiring of silk is probably spider silk. Spidroin 
exhibits mechanical behavior that compete with high-per-
formance material for its high strength, elasticity, biocom-
patibility, durability and low density: not so for its scores in 
these characteristics, but for the unique completeness of its 
profile. Moreover, this biopolymer is capable of behavior 
like no artificial fiber possesses, like supercontraction, and 
tailoring of properties using water. New applications even 
emerge to make use of silk’s piezoelectricity and thermal 
properties. Numerous researches have worked with silks 
under their pristine or regenerated form, including electro-
spinning. The technique has the advantage of spinning mats 
with a nanometric scale: a chance to design scaffolds with 
specific topographies or compound embedment. Preparing 
an electrospinning dope out of fibroin is not always a simple 
process, for the obtention of the protein passes by the harvest 
and treatment of natural silk (a painstaking step for unfarm-
able spiders), or regeneration through genetically modified 

vectors. Spinning protocols however have been well defined 
in literature to create mats for a variety of applications. How-
ever, it is so far unclear whether the properties of natural 
silk have been fully retrieved in the final silk mats. Among 
their purposes, the biomedical applications rank as first. 
Electrospun fibroin mats have been effectively designed for 
cell growth, for their structure and the biocompatibility of 
silk provide the best culture environment. With similar out-
comes, wound dressing has also experimented fibroin mats, 
the biological yet antibacterial nature of the silks complying 
with the human healing pathways. As a scaffold with nano-
scopic pores that breaks down into harmless compounds at 
a well-understood rate, silk mats also make efficient carriers 
for drug delivery. A few other applications out of the medi-
cal domain exist, but they are rather remote. Electrospun 
mats have been used as support for more fragile polymers 
with value. The objective is to throw the properties of both 
into one composite. If the silk scaffold is necessary to the 
resilience of the overall nanoscopic device, its potential as a 
biopolymer is not fully exploited. It is safe to conclude that 
electrospinning silk, from silkworm or spider, is relevant for 
biomedical purposes, and so confirm the extending num-
ber of publications in that domain. Indeed, the scarcity of 
the material is compensated by the specific match between 
biomaterial’s properties, spinning technique, and scale and 
context of application. However, for other applications, such 
as filtration, textile, or composites with various uses, electro-
spinning silk remains controversial. These frameworks can 
difficultly make use of more than one interest of our electro-
spun biomaterial’s, because alternatives are ready and avail-
able, surpassing a biopolymer’s limits, and the biomimetic 
feature with promises of recyclability and life-friendliness 
cannot offset this in the current market. Nevertheless, spin-
ning and production techniques set aside, silk’s potential 
remain significant for the right application. The polymer has 
an undeniable future in medical domains, and the growing 
visibility of both this material and electrospinning technique 
should certainly inspire numerous projects in the years to 
come.
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