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5.1 Introduction

Tissue engineering is one of the most vital areas of interdisciplinary scien-

tific research, in which the development of appropriate materials for use as

scaffolds is critical. The ideal scaffold for a tissue-engineered biological sub-

stitute has to simulate the form and function of the pertinent extracellular

matrix (ECM). Silk scaffolds are promising because they can promote cell

attachment and proliferation; they are biocompatible, degradable, and func-

tionalizable; and some of their properties (e.g., fiber diameter, strength or

pore size) are easily tunable.

This chapter is devoted to silk fibers, as a primary component of silk

scaffolds and other medical components. The purpose is to familiarize the

reader with natural silk fibers either from silkworms or spiders and with their

synthetic counterparts. Emphasis is given to mechanical properties, as they

are significant in scaffold design.

To this end, Section 5.2 is devoted to silk fibers’ composition, production

(spinning), and microstructure. Section 5.3 deals with their mechanical perfor-

mance—mainly inferred from tensile tests—under different environments, focus-

ing on the influence of water and temperature. Section 5.4 is concerned with

relationships between structure and mechanical properties; here, some models

intending to replicate the mechanical behavior of the fiber are briefly summarized.

Finally, biomimetic approaches for making synthetic silk fibers are outlined,

studying regenerated silkworm silk and genetically engineered (or bioinspired)

spider silk. The chapter ends with some examples of medical applications.
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5.2 Silk fibers

This section reviews the composition and production of silk fibers, and how

these two factors influence the unique microstructural features of these

materials.

5.2.1 Chemical composition

Silks are singular among protein fibers produced exclusively by animals

belonging to the phylum Arthropoda. Silks serve various biological functions

in a group with such a rich ecology, including providing shelter, protecting

the offspring, and capturing prey [1]. Despite its widespread distribution in

the lineage, it has not been possible to establish whether silk production is

the result of a unique evolutionary event or whether its presence in different

groups of arthropods is the consequence of several independent processes

[2]. However, it is apparent that, independently from their evolutionary ori-

gin, silks share several standard features, starting with their composition; in

this regard, it was soon realized [1,3] that a defining mark of silks is a large

proportion of the short-chain amino acids glycine and alanine.

The advent of more powerful analytical techniques led to a significant

increase in knowledge of the composition of silks, albeit focused mainly

on the two most studied silk types: silkworm (Bombyx mori) silk and

major ampullate silk (MAS) from a few orb-weaving spider species (i.e.,

Nephila clavipes and Argiope trifasciata, among others). B. mori silk is

made up of two proteins, known collectively as fibroins, which differ in

their molecular weight: a heavy fibroin chain of approximately 350 kDa

and a light fibroin chain of 25 kDa. Both proteins appear in a 1:1 propor-

tion and are linked through a disulfide bond [4]. The complete sequencing

of the heavy-chain protein [5] revealed an extensive repetition of the

�Gly�Ala�Gly�Ala�Gly�Ser� a motif that, as explained below, has a

significant influence on the microstructure of the material. The biochemi-

cal characterization of MAS revealed that it is made up of two large

(approximately 300 kDa) proteins labeled spidroin 1 and spidroin 2 [6],

which are characterized by extensive repetitions of distinct motifs along

the sequence. Spidroin 1 shows the motifs �Gly�Ala� (although in this

protein, it does not form the extensive repeats that appear in B. mori silk),

�Gly�Gly�X� (with X5Leu, Gln, or Tyr), and �An� (polyalanine

runs). Although spidroin 2 also shows the motif �An�, it differs from spi-

droin 1 in the high content of proline, which appears in the motif

�Gly�Pro�Gly�. It has been found that, despite strong arguments in

favor of a considerable evolutionary divergence among silk sequences [7],

MAS sequences have been conserved for over 120 million years [8],

indicating an extreme evolutionary pressure which has not been identified

yet [9].
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5.2.2 Spinning

A solution of proteins susceptible to forming fibers does not represent the

end of the story, as indicated by the painstaking efforts to spin regenerated

silk fibers from previously dissolved silkworm silk fibroins [10]. Although

some basic details are still missing, the spinning processes of both silkworm

and MAS show parallels that allow at least a general description of the route

that leads from a protein solution to the fiber formation.

As with the comparison of the sequences between B. mori and spider

MAS, and despite the uncertainty of a possible common origin, both glandu-

lar systems show remarkable similarities. Thus, glands are divided into two

(Nephila edulis) [11] or three (B. mori) [12] parts. Silk proteins are produced

in the proximal region of the gland by dedicated epithelial cells that line the

lumen and are stored in the distal regions. A third region in the B. mori gland

is related to the production of sericin proteins, which act as glue for main-

taining the structural integrity of the cocoon. More significant differences are

found when analyzing the duct that links the distal part of the gland with the

spinneret. Thus, the N. edulis duct [11] is composed of three different limbs

whose cross-sectional areas decrease in the distal direction and, immediately

before reaching the spinneret, passes through an organ (valve) controlled by

at least two muscles. This sophisticated system is probably related to the

control exerted by the spider on its silk properties and contrasts with the

more superficial anatomy of a silkworm silk duct [13].

The organization of the silk proteins in the gland and the conformational

changes that lead to the solid fiber are still debatable. Two basic essential

(Fig. 5.1), not necessarily incompatible, models attempt to account for this

process. The liquid crystal model [15] finds support from results obtained

in vivo and assumes that proteins in the gland adopt a rod-like conformation

and form a liquid crystalline nematic structure. The molecule’s axis is

aligned with the walls of the gland and physicochemical changes in the gland

lead to the formation of β-nanocrystals that renders insoluble fibers, while

preserving the overall organization exhibited in the liquid crystalline phase.

The micellar model [16] hypothesizes that the alternating hydrophobic and

hydrophilic patches in the silk proteins lead to micelles forming globular

structures. These globular structures are elongated in the duct, leading to

fiber formation. Independent from the precursor phase that the protein adopts

in the gland, it is accepted that shear stresses exerted on the protein solution

are critical for prompting the solidification process [12]. The presence of

proton pumps in the duct [11] suggests that pH may play a significant role in

the process, an assumption further supported by the presence of pH confor-

mational switches in the sequence of silk proteins [17,18].

As indicated above, some of the most significant differences between

B. mori and spider spinning processes are related to the control exerted

by the animal on the process. It has been found that spiders can tune the
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properties of the fiber by controlling the spinning force (see Section 5.3.2),

probably with the use of the valve [19], so that a vast range of mechanical

properties characterized by the corresponding range of stress�strain curves,

fitted to its immediate requirements can be produced [20]. In contrast, the

spinning system in B. mori seems to lack a comparable step, leading to fibers

with uniform properties when obtained directly from the silkworm without a

degumming process [21,22].

Liquid crystal
theory

Micellar
theory

Distal region of
the gland

Proximal region of
the gland

FIGURE 5.1 The liquid crystal and the micellar models [14]. Based on Heim M, Keerl D,

Scheibel T. Spider silk: from soluble protein to extraordinary fiber. Angew Chem Int Ed Engl

2009;48(20):3584�96.
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5.2.3 Fiber microstructure

Unveiling the microstructural organization of silk from the atomic to the

macroscopic scale probably represents the most significant challenge for an

overall understanding of the material. Applying some of the most sophisti-

cated characterization techniques has allowed information to be gained on

some essential aspects of silk, but a comprehensive model is still sought. In

this regard, silk’s single most defining microstructural character is the pres-

ence of a crystalline phase embedded in a noncrystalline or amorphous

matrix [23]. The crystalline phase is evident from the X-ray diffraction

(XRD) analysis of the fibers and consists of nanocrystals that appear as a

consequence of the piling up of β-pleated sheets [24]. In this regard,

β-nanocrystals are found both in silkworms [25] and in spider silk [26], and

their presence is related to the motifs of sequence �GAGAGS� and �poly-

An�, respectively. In the absence of chemical cross-links between silk pro-

tein chains, the nanocrystals provide the necessary structural integrity to the

fiber. Its formation during the spinning process is considered as the critical

step that converts the protein solution into a solid fiber.

The characterization of spider silk by Raman spectroscopy [27] has iden-

tified several secondary structures, including β-turns, 310 helices, and

β-sheets. A significant fraction of an unordered or random coil phase was

determined using Raman spectroscopy. Our understanding of the amorphous

phase is much poorer than that of the crystalline one. Independent from its

detailed microstructure, the analysis of the behavior of silk fibers in water of

both spider [28] and silkworm silk [29] supports a model [30], sometimes

referred to as the double lattice model (see Section 5.4.2), in which an exten-

sive lattice of hydrogen bonds is superimposed on the lattice formed by the

protein chains. However, linking this rough model with the details of the

sequence and the conformation of the proteins has proven a formidable task.

An intriguing feature of spider silk is the possibility of sustaining signifi-

cant microstructural changes related to varying loading and/or environmental

conditions. nuclear magnetic resonance (NMR) studies [31] have identified

that the motif �Gly�Gly�X�, which appears in spidroin 1, shows a signifi-

cant degree of conformational freedom. In particular, this motif has been

related to the supercontraction effect, a considerable shrinkage of the fiber

when exposed to water or high relative humidity environments [28], which

plays a critical role in spider silk performance [32]. Although supercontrac-

tion appears in basal lineages of spiders [33], its extent and its influence on

the mechanical behavior of the material are more apparent in the orb-web

spinning spiders. The possibility of reversibly modifying the crystalline

fraction of spider silk has found experimental support from XRD studies,

which show an increase in crystallinity when the fiber sustains large defor-

mations [34].
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The characterization of silks at more considerable scale lengths in an

attempt to unveil their supramolecular organization from the nanometer to

the macroscopic scale has rendered a minimal number of definite results.

Several models based on low-resolution atomic force microscopy (AFM)

studies assume that proteins are organized at mesoscopic scales forming

nano- or micro-fibrils [35,36]. However, transmission X-ray microscopy [37]

and high-resolution AFM [38] have failed to find a fibrillar microstructure in

spider silk. In particular, high-resolution AFM (Fig. 5.2) has shown a struc-

ture made up of nanometer-size globules, which differ in size depending on

the analyzed silk [38]. Fractographic studies have not found features of a

fibrillar microstructure either [39] since silk fracture surfaces appear rela-

tively flat and no fibrils can be identified. However, neutron scattering and

small-angle XRD [40,41] suggest the presence of some long-range organiza-

tion in spider silk, although the exact nature of this ordering and its relation-

ship with silk sequence are far from clear.

5.3 Mechanical properties

Tensile tests mainly characterize the mechanical performance of silk fibers

because of their simplicity and ability to incorporate different environments

(temperature and humidity). This fact is crucial since, due to the natural vari-

ability of silk fibers, the control of environmental conditions makes possible

the settlement of a common ground for comparison and analysis.

FIGURE 5.2 High-resolution images, obtained by atomic force microscopy, of Bombyx mori

and Argiope trifasciata silk fibers [38].
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5.3.1 Tensile tests

Natural silks are characterized by some outstanding mechanical properties,

namely high tensile strength and high elongation at failure, that endow them

with the most significant work of fracture of any known material [4,15,42].

Tensile tests are most appropriate for obtaining the mechanical character-

istics of most materials, especially so for fibers because of their simplicity.

Samples are elongated between two grips while force and extension are mea-

sured. Absolute force-displacement (F�Δ) plots are converted into engineer-

ing (or nominal) stress�strain (s�e) curves (Fig. 5.3) by dividing force (F)

by the initial cross-sectional area (A0) and displacement (Δ5 L2 L0) by the

initial length (L0):

s5F=A0 and e5Δ=L0 ð5:1Þ
Although engineering values are convenient for samples with small elonga-

tion before breaking (e.g., ,10%, like most ordinary artificial materials), the

large deformations accommodated by silks recommend the use of true

stress�strain curves (σ, ε), where force and displacement values are calcu-

lated with the instantaneous cross-sectional area (A) and length (L) at each

point of the test. Thus, true values are defined by:

σ5F=A and dε5 dL=L ð5:2Þ
which leads to:

ε5 ln L=L0
� �

5 ln 11 eð Þ ð5:3Þ
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Instantaneous cross-section can be readily computed under the hypothesis

of constant volume during deformation AL5A0L0, [43] yielding:

σ5F=A5 F=A0

� �
L=L0
� �

5 s 11 eð Þ ð5:4Þ
Mechanical parameters like the initial elastic modulus (E), the tensile

strength (σu), and elongation at break (εu) are directly obtained from the

stress�strain curve (σ�ε).
Silk fibers display true tensile strengths comparable to high-performance

steel and polymeric fibers, such as Kevlar or poly(p-phenylene-2,6-benzobisox-

azole) (PBO) while keeping an unrivaled high strain at break (Table 5.1). High

strengths and strains at break combine in MAS to yield an unbeatable capacity

for absorbing energy—also called tenacity or resilience, quantified by the area

under the stress�strain curve (see Fig. 5.3 and Table 5.1)—that enables spiders

to effectively intercept and catch their prey. Key to this ability is a large hyster-

esis cycle of more than 50% shown by silk fibers during loading�unloading

cycles that impart a large capacity of energy dissipation since, otherwise, prey

would bounce off the orb web. Both viscoelasticity and irreversible deformation

account for the large hysteresis, probably produced by frictional forces among

segments of protein chains.

Mechanical properties of silks are time-dependent, and fibers creep when

subjected to constant loading or relax under imposed deformation (Fig. 5.4A)

[50]. Stress relaxation does not decay to zero and reaches a constant value

within approximately 1 day (similar to the spider-web life cycle). Silk fibers

show an increase in the initial modulus of elasticity, yield stress, tensile

strength, and breaking strain when tested at higher strain rates (Fig. 5.4B).

Fig. 5.5 shows the results of dynamic-mechanical thermal analysis tests con-

ducted in natural MAS [51]. The sample is subjected to an alternating sinusoidal

strain in these tests while the stress is continuously recorded. Temperature usu-

ally varies from freezing conditions up to sample melting or degradation.

Dynamic behavior is characterized by the storage modulus (Fig. 5.5A), the ratio

between in-phase stress and strain, and the loss tangent (Fig. 5.5B), that is, the

tangent of the phase difference between strain and stress waves.

The peaks in the storage modulus and loss tangent curves shown in

Fig. 5.5 suggest that relaxation is associated with interactions at different

molecular levels (hydrocarbon�hydrocarbon, water�amide, and ami-

de�amide) as well as possible crystallization at higher temperatures.

Fig. 5.5A also shows that MAS has good heat resistance, failing mechani-

cally only beyond B250�C.

5.3.2 Spider and silkworm fibers

MAS fibers can either be gathered from the web (radii, frame, and mooring

lines) or the safety line (dragline), all of them labeled as naturally spun (NS),

or collected directly from the gland of an immobilized spider by a process
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TABLE 5.1 Average values of mechanical properties of silk fibers and high-performance synthetic fibers.

Fiber type Density

(g/cm3)

Tensile stress

(MPa)

Breaking strain

(%)

Resilience

(MJ/m3)

References

Silk fibers 1.34

Argiope trifasciata

Naturally spun (NS) 780 26 90 [44]

Forced silked (FS) 1110 17 110 [45]

Maximum supercontraction
(Ms)

990 81 240 [45]

Nephila inaurata

FS 1800 26 240 [46]

Ms 1480 69 270 [46]

Nephila clavipes

FS 1200 17 110 [47]

Bombix mori

FS 730 11 50 [48]

Commercial 600 23 90 [49]

Polymeric fibers

PBO 1.60 5800 2.5 70

(Continued )



TABLE 5.1 (Continued)

Fiber type Density

(g/cm3)

Tensile stress

(MPa)

Breaking strain

(%)

Resilience

(MJ/m3)

References

Kevlar 49 1.44 3000 2.7 50 [49]

Nylon 6,6 (HT) 1.14 750 18 70 [49]

PET (HT) 1.90 800 7 30 [49]

Silk fibers 7.85

Strand 1800 5 70 [49]

Piano wire 3000 1.5 25 [49]



called forced silking (FS). Although the quantity of silk retrieved in both

cases is small, the FS procedure permits obtaining large (B1 m) continuous

fibers.

The tensile properties of NS and FS fibers are different as depicted in

Fig. 5.6A. NS fibers show a large variability, customarily attributed to a bio-

logical production system that adapts to the immediate requirements of the

environment [22,44,52�54]. FS fibers, in contrast, display low variability

and differ considerably from NS. FS fibers are stiffer, more reproducible,

and show smaller deformations and higher stresses at breaking than NS,

differences that can reasonably be attributed to the different processing.
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(B) Influence of the strain rate on the stress�strain curves of MAS fibers from A. trifasciata [50].

Structure and properties of spider and silkworm silks Chapter | 5 99



Measurement of the silking force has made it possible to correlate the

silking stress—the stress on the fiber during spinning—and silk fiber tensile

properties [20]. Very reproducible fibers are obtained when silking stress is

constant, making the fibers stiffer or more compliant depending on the silk-

ing stress level (Fig. 5.7). FS fibers produced with silking stresses close to

the yield limit are stiffer than NS like the ones shown in Fig. 5.7A. As the

silking stress decreases, the stiffness of FS fibers reduces to resemble the NS

range and it is possible to obtain fibers even more compliant than those
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found in nature. These results suggest that the tensile behavior of MAS fibers

can be modulated through the silking stress in a wide range that includes NS

fibers.

In contrast to spiders, silkworm cocoons are an easy and straightforward

way of obtaining substantial quantities (up to a 1000 m) of natural fibers

with moderate variability [55], and constitute the primary source of this

material. Single natural silkworm silk fibers are hard to obtain (usually from

silkworms impeded to construct a cocoon) and silk reeled directly from the

silkworm (forcibly silked) only permits receiving small portions of continu-

ous fiber (,3�4 m).
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While the properties of natural and FS silks are similar (Fig. 5.6B), silk

from cocoons is altered during degumming, the process of removing the seri-

cin coating (or silk gum) from the fibers. Degumming is ordinarily achieved

by boiling native silkworm silk in water, sometimes in the presence of salt

or detergents. Even in its mildest form (water only), it induces a decrease in
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FIGURE 5.7 Spinning force and corresponding tensile properties of silk fibers from anesthe-

tized spider [20]. Variation of the silking force and silking stress during the silking process at
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the initial elastic modulus and yield strength. It promotes a change in the

shape of tensile curves, significantly increasing their variability [56].

Silkworm-silk fibers were obtained, mainly during the XIXth and the

beginning of the XXth, by stretching the silkworm silk glands in a vinegar

solution as an alternative procedure to natural spinning. This fiber—known

as silk gut fiber—was widely used in fly fishing and, to a lesser extent, in

surgical sutures.

Comparison of the tensile properties and microstructural organization of

silkworm gut fibers with NS fibers, allows gaining a deeper insight into the

mechanisms that lead to the formation of the fiber, as well as the relationship

between microstructure and properties. For example, stress�strain curves of

silkworm silk fibers and silk gut fibers are shown in Fig. 5.8A. Two kinds of

silkworm silk fibers (one obtained by FS and another with subsequent

degumming) and a silk gut fiber (produced by immersion in a 2% acetic acid

solution for 2 min and subsequent stretching) are shown. Both are qualita-

tively similar, despite minor differences that can be traced back to variations

in the crystalline phase between both fibers. The crystallinity of silkworm

silk gut fibers is half of that measured for the natural fibers. Besides, the size

of the β-nanocrystals in silkworm silk gut fibers is much smaller than that of

native silk. However, despite the differences between the crystalline phases

of both materials, there is a persistence in the number of β-pleated sheets

that form the nanocrystals, suggesting that this might be a design principle in

the formation of the fiber [57].

Silk gut fibers were also obtained by stretching spider guts from Nephila

inaurata and N. clavipes. Spider silk gut fibers were achieved from the silk

glands by immersion in a mild acid solution and subsequent stretching. The

size of spider silk glands is much smaller than that of silkworms, making the

stretching step more difficult. Glands used for N. inaurata were MAS glands

[58] and for N. clavipes tubuliform silk glands [59].

Again, the comparison of silk gut fibers with their natural counterparts

allows gaining new insights into the processing, microstructure, and proper-

ties of spider silks. In contrast to silkworm silk, major ampullate and tubuli-

form spider silk gut fibers are shown to be the same material as their natural

counterparts. Tensile tests with mayor ampullate glands of both (natural and

gut) fibers show the same behavior (Fig. 5.8B). Moreover, major ampullate

spider silk gut fibers are endowed with the ability to supercontract and their

properties concur with those of the natural material if both, silk gut fibers

and native silk, are retrieved from the same species. The concurrence of the

tensile behavior of tubuliform silk gut fibers and tubuliform native fibers of

different species, points to the persistence of these silk fibers throughout evo-

lution. The identification of spider silk gut fibers and native fibers, in this

case, indicates that the processing instructions for forming the fibers from

the protein solution are contained in the spidroins and are independent of the

natural gland system [60].
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FIGURE 5.8 (A) Tensile tests with silkworm fibers (one obtained by forced silking and

another after degumming) and silkworm gut fibers (produced by immersion in a 2% acetic acid

solution for 2 mi and subsequent stretching). (B) Tensile tests with spider fibers from major

ampullate glands. Comparison with natural fibers and silk gut fibers.



Silk gut fibers also offer a unique opportunity to monitor the early events

leading to the formation of the fiber. In this regard, it was found [60] that

the major microstructural change leading to the solid material is the appear-

ance of β-pleated secondary structure at a strain of B100%. In addition, it is

also found that the mechanical stresses required to complete the transition

from the protein solution to the fibers are in the range of B1 MPa, which is

a much smaller value than previous estimations suggested. Differences

between these last values and those found from the analysis of natural spin-

ning might arise from other forces that appear in the natural spinning process

but are not directly involved in the liquid�solid transition. All these findings

highlight the insights that can be gained from comparing silk guts and

natural silk fibers.

5.3.3 Effect of water and temperature

Some silk fibers, particularly spider MAS, experience a (usually) large

shrinkage when immersed in water and are free to contract, called supercon-

traction [23,28]. Supercontraction can account for up to half the initial length

and can be quantified by the supercontraction (SC) index defined as:

SC5 L0 2 LMSð Þ=L0 ð5:5Þ
where L0 is the initial fiber length and LMS is the length of the supercon-

tracted fiber once dried.

The SC index depends on the fiber type and condition; major ampullate

NS fibers show a wider range of values of SC in correspondence to their var-

iable tensile behavior: SC is between 0.3 and 0.5 for most species [46]. On

the contrary, FS fibers are more homogeneous, with SC close to 0.5.

MAS fibers tested in water behave like elastomers [61] with an extremely

low stiffness at small deformations that increases monotonically with defor-

mation. In contrast, MAS fibers tested in air, either NS or FS or subjected to

previous supercontraction and dried, behave like glassy polymers with a

well-defined, nonzero, initial elastic modulus.

Humidity and temperature strongly influence the mechanical behavior of

spider silk fibers; by increasing either or both, silk changes from a stiff,

glassy polymer to a more compliant one, close to elastomers. This influence

reflects in both the initial elastic modulus and the SC index, that display a

sudden transition within the narrow range of values of humidity and tempera-

ture shown in Fig. 5.9 [62].

Silk fibers behave like a semicrystalline material with amorphous flexible

chains strongly hydrogen bonded. For low enough temperatures and humid-

ity, hydrogen bonds represent a significant contribution to the fiber’s

mechanical performance, showing a glassy behavior. The presence of water

and/or high temperature disrupts the hydrogen bond network, promoting the
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rubbery behavior and, thus, the supercontraction phenomenon is explained

by the plasticizing effect of water [62].

An outstanding feature of MA spider silks is the fact that the properties

of supercontracted fibers are invariant and independent of both the previous

loading history and the collection procedure (natural or forced silked) [63].

The silk state after maximum supercontraction (Ms)—which can be regarded

as a type of annealing—can be considered a mechanical “ground state” from

which silk fibers can be tuned with predictable and reproducible features.

This is illustrated in Fig. 5.10, where it is shown how—independently of

its origin—the stress�strain curves of supercontracted fibers merge into a

unique behavior. A practical consequence is that, unlike other materials, spi-

der silk can recover from inelastic deformations by simple immersion in

water and subsequent drying.

Most interestingly, the existence of the Ms ground state opens the possi-

bility of tuning the properties of MAS fibers in a predictable and reproduc-

ible way using the wet stretching process, summarized in Fig. 5.11 [45].

In this process, a fiber is allowed to freely contract in water up to the

maximum supercontracted length LMS. It is then stretched to the desired

length LA, and dried overnight with its ends clamped. The stresses built up

in the fiber during drying are relaxed by unloading the fiber to the final

length, LC (see Fig. 5.11A), at the last step of the process.

FIGURE 5.9 Transition from the glassy to the rubbery state as a function of relative humidity

and temperature. Transition values of supercontraction index (open squares) and initial elastic

modulus (full circles) are indicated [62].
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FIGURE 5.10 (A) Stress�strain curves of forcibly silked (FS), naturally spun (NS), and maxi-

mum supercontracted (Ms) fibers: noval curves and curves after unloading and reloading cycle

(major ampullate silk from A. trifasciata, see inset). (B) Stress�strain curves of noval FS and

NS fibers before and after Ms. (C) Stress�strain curves of previously deformed FS, NS, and Ms

fibers before and after Ms [63].



FIGURE 5.11 (A) Wet stretching procedure: (i) supercontraction in water; (ii) stretching in

water; (iii) drying; (iv) final unloading. LMS, stabilization length; LC, final length; LA, desired

length. (B) Stress�strain curves obtained with the wet stretching procedure, using different

values of the alignment parameter α. Note that for α close to 1.0, typically forced silked (FS)

fibers (also shown) are reproduced. The span of natural silked (NS) fibers ranges between

α5 0.45 and α5 0.90. The ground state (Ms) corresponds to α5 0 [45].



The alignment parameter α, defined as:

α5 LC=LMS 2 1

quantifies the stretching of the fiber from the ground state (MS), where it

takes a value α5 0.

Fig. 5.11B shows the tensile curves of fibers mechanically tuned by the wet

stretching procedure with alignment parameters ranging from α5 0 to α5 1.1.

FS fibers are reproduced with α5 1.11, while NS fibers are replicated with

values of the alignment parameter between α5 0.45 and α5 0.90.

The results above highlight the importance of the existence of the ground

state, a property that underlies the shrinkage of the fibers in humid environ-

ments (supercontraction), their recovery after irreversible stretching and the

tuning of the mechanical properties of MAS.

Wet stretching has shown that the mechanical behavior of all

Entelegynae MAS fibers, under any conditions, is described from the maxi-

mum supercontracted state by the aligment parameter α that connects the

sequential action of three deformation micromechanisms during stretching:

stressing of protein�protein hydrogen bonds, rotation of the β-nanocrystals
concerning the macroscopic axis of the fiber, and growth of the crystalline

fraction [64]. Conservation of these traits for over 230 million years indicates

the optimal design of the material and gives valuable clues to produce biomi-

metic counterparts based on major ampullate spider silk.

Tensile properties of spider major ampullate gland silks vary among spe-

cies, but this variation is confined to evolutionary shifts along a single uni-

versal performance trajectory. This reveals an underlying design principle

maintained across significant spider ecology and silk chemistry changes. The

persistence of this design principle becomes apparent after the material prop-

erties are defined relative to the true alignment parameter, which describes

the orientation and stretching of the protein chains in the silk fiber.

Moreover, a new procedure—S3I, based on the generalized alignment α�

parameter—allows the classification of the tensile properties exhibited by

major ampullate gland silks spun by Entelegynae spiders [65,66]. S3I was

launched under the assumption that systematic knowledge of the values of

the α� (alpha-star) parameter for as many species as possible will improve

our current understanding of major ampullate spider silk.

Elucidating how the original design evolved over the 400-million-year

history of spider silk and identifying the fundamental relationships between

microstructural details and performance have proven complex tasks. The

analysis of maximum supercontracted spider silk fibers using XRD shows a

complex picture of silk evolution where some key microstructural features

are conserved phylogenetically. In contrast, others show substantial variation

among closely related species [67]. These results help unravel the micro-

structural features, which must be copied to produce the next generation of

biomimetic silk fibers.
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The exceptional recovery properties and mechanical tunability can be

imparted to regenerated silkworm B. mori silk fibers by appropriate proces-

sing [10]. Regenerated fibers showed properties not displayed by natural

silkworm silk (ability to recover from irreversible deformation, modifiable

tensile behavior), which had been considered exclusive to natural spider silk.

These results prove that processing plays a role comparable to composition

in the final properties of silk fibers, even prompting the emergence of new

properties to recover the outstanding properties of the natural materials.

5.4 Relationship between structure and properties

The hierarchical structure of spider silk has been analyzed with simulations

on several scales, from the repeat unit of a set of dragline silk protein strands

in atomistic resolution to mesoscale models of fibrils and, eventually, to the

whole spider web. These studies address the relationship between structure

and properties and how material phenomena at the molecular scale affect

material properties and, ultimately, the function of the spider web. Reviews

by Buehler and collaborators [68,69] provide a good insight into this topic.

5.4.1 Microscopic models

All silk fibers are shown to contain two phases: crystalline and noncrystal-

line, that yield what is described as a semicrystalline microstructure.

In both silks, silkworms and spiders, a nanocrystalline phase appears that

results from the piling up of β-sheets. The β-sheets of spider silk are formed

from the polyalanine (�An�) motifs, while those of B. mori silkworm silk

corresponds to the �GAGAGS� motifs. Despite using such powerful micro-

structural characterization techniques as NMR, the present knowledge on

silks’ noncrystalline phase (sometimes referred to as the amorphous phase) is

much scarcer.

The microstructural characterization of the crystalline phase of spider silk

took advantage of using synchrotron sources for the characterization of sin-

gle fibers. In particular, the combination of single-fiber XRD and the possi-

bility of harnessing the variability of the fibers through supercontraction

allowed a thorough comparison of the crystalline phases of a set of represen-

tatives from the Entelegynae suborder [67]. All diffraction patterns were

taken from individual fibers of the related species after being subjected to

Ms. The analysis of the diffraction patterns showed that all analysed species

of the Entelegynae suborder presented a typical unit cell, which corresponds

to the β(3) group of the classification proposed by [70].

In addition to identifying the unit cell of a crystalline phase, XRD also

allows extracting information on three highly relevant microstructural fea-

tures of silk fibers: the size of the nanocrystals, the orientation of the nano-

crystals concerning the macroscopic axis of the fiber, and the ratio between

110 Silk-Based Biomaterials for TERM



crystalline and amorphous phases, usually measured as the percentage of

crystalline phase or crystallinity. Thus, establishing the similarities and dif-

ferences in these microstructural features among the fibers spun by different

species would be a valuable hint to determine their likely influence on the

variability observed among the studied species.

The analysis of the size of the nanocrystals did not show remarkable var-

iations between the fibers and consequently, this microstructural feature was

not considered relevant in causing the observed differences. In contrast,

significant differences were observed when analyzing the nanocrystals’

orientation concerning the fiber’s macroscopic axis. A similar situation was

found to apply when comparing the values of crystallinity [71].

The mechanical properties, particularly high strength and elasticity, of

spider and silkworm silks are related to silk microstructure, which depends

on the amino acid sequence and their singular microstructures. Most of the

experimental work has been done by tensile testing of silk fibers, as

discussed in Section 5.3, stiffness, strength, deformation, and toughness can

be measured from a tensile test, and testing under different humidity and

temperature can provide exciting results about the influence of water and

temperature on the microstructure.

Silk microstructure is conditioned by the role of amino acid motives and

the part of processing, as discussed in Section 5.2. The highly conserved

poly-Ala repeats provide stiff, orderly cross-linking domains embedded in a

semiamorphous matrix of less ordered Gly-rich repeat units. During the pro-

cessing of silk, the flow in the spinning duct leads to stretching and aligning

proteins. Both processes influence the microstructure, particularly secondary

structures of proteins, and are relevant for understanding the mechanical

behavior of silks.

Computations ab initio of the mechanical behavior of silk fibers are still

in their infancy due to the complexity of their large polymeric chains. Even

so, two models deserve being briefly pointed out: an atomistic one [72] and

a molecular one [30,73].

Keten and Buehler have provided an atomistic model based on a bottom-

up computational approach using replica exchange molecular dynamics [74].

This model supports the observation of β-sheet structures of poly-Ala

domains, hydrogen-bonded 310-helix structures of semiextended GGX (i.e.,

Gly�Gly�X [with X5Leu, Gln, or Tyr]) domains, and the lack of

α-helical conformations. These findings are validated against experimental

results. Also, the model predicted an increase in the fractions of the aligned

β-sheets for large deformations of the silk fiber [75]. The model sets the

stage for atomistic studies on silk domains that will contribute toward

an improved understanding of the source of the strength and toughness of

the silks.

Termonia [30,73] developed a molecular silk model, sometimes called

the double lattice model, which bypasses details of the deformation on an
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atomistic scale and focuses instead on a length scale of the order of the dis-

tance between entanglements. Silk fibers were modeled as a semicrystalline

material made of amorphous flexible chains reinforced by crystallites, as

depicted in Fig. 5.12. Initial lattice parameters such as molecular weight, the

density of entanglements, crystalline fraction, etc., were fixed from experi-

mental data. Fibers are modeled as a network where knots are the nanocrys-

tallites or the entanglements and threads the amorphous chains or hydrogen

bonds connecting every entanglement to their neighbors.

The lattice deformation was performed in a succession of tiny length

increments. After each strain increment and upon complete relaxation of all

lattice sites, individual bonds and entanglement points were visited at ran-

dom by a Monte-Carlo lottery and four processes were allowed to occur:

� breaking of the hydrogen bonds;

� stretching of the chains in the amorphous regions;

� breaking of the chain strands in the amorphous regions; and

� network relaxation.

After the network of entanglements had been fully relaxed toward

mechanical equilibrium, an additional elongation increment was applied to

the network. The four processes described above restarted for another time

interval. This was repeated and continued until the network failed.

This model made qualitative and quantitative predictions of stress�strain

curves, as shown in Fig. 5.13A. Using reasonable initial data (see [30]) the

model predicted at minor strains—under 0.002—a linear curve with modulus

E5 10 GPa, in agreement with experimental observation [28,50,77]. At

about 0.02 strain, the hydrogen bonds between chains in the amorphous

region started to break, forming a yield point at which the stress�strain

(A) (B)
6 nm

y

z
x

FIGURE 5.12 Molecular model for spider dragline. (A) System of amorphous and crystalline

chains. For straightforward representation, the figure is for a 15% volume fraction of β-pleated
sheets; (B) more schematic representation in which the details of the amorphous chains have

been omitted and only end-to-end segments are shown. Individual hydrogen bonds have been

replaced by “overall” bonds (dotted lines) connecting every entanglement to the neighbors. The

three-line segments indicate the high modulus layer in the amorphous phase [30].
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curve reached a plateau. At 0.1 strain and higher, the hydrogen bond-

breaking process was almost complete, and the stress resumed its increase

with strain. Fracture at strains circa 0.3 occurred in agreement with most

experimental results.

The model also reproduced the effect of water in the stress�strain curves.

The model assumed that the only impact of water on the fiber was to prevent

the formation of hydrogen bonds between chains in the amorphous phase.

Upon stretching the network, now free of hydrogen bonds in the amorphous
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FIGURE 5.13 (A) Calculated and experimental stress�strain curves for spider dragline silk

fibers [32]. (B) Calculated and experimental stress�strain curves for spider dragline silk fibers

(immersed in water and then strained at a rate of 1.42/min) [76].
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phase, the stress�strain curve exhibited a rubber-like behavior (Fig. 5.13B).

Also represented in this figure are typical experimental curves for wet dra-

glines from two spiders [46].

5.4.2 Macroscopic models

Macroscopic models are based on the mechanics of continuous media and

use constitutive equations that capture the main microstructural features.

Other macroscopic models are based on the mean field theory for polymers

in terms of chemical composition and degree of order in the polymer struc-

ture. A brief description of both models is summarized.

The model by Planas, Elices, and Guinea, based on the mechanics of con-

tinuous media [78], regards the silk fiber as a fiber-reinforced material made

with sets of microfibrils dispersed into a deformable matrix. It is also

assumed that no force is transmitted through the matrix in the composite

material (i.e., that the matrix is perfectly deformable and stresses build up in

the microfibrils only as a consequence of deformation). To make the analysis

simple, the equivalent continuum macroscopic model is introduced by forc-

ing it to give the same mechanical work as the fiber-reinforced material (i.e.,

spider silk fibers) under any arbitrary motion. This condition had to be com-

plemented by the relationship between the nominal stress and strain within

the microfibrils [78]. For this relationship, a simple model was postulated,

capturing the well-known behavior of spider silks, a nonlinear spring repre-

senting the stretching and orientation of molecular chains in the rubbery state

(i.e., with the network of hydrogen bonds deactivated), in parallel with a

skidding block with a linear spring to account for the breaking of hydrogen

bonds and molecular slippage when the fiber was under the glass transition.

Fig. 5.14 shows the experimental results of tensile testing performed in

air of spider silk fibers (MA) with three different degrees of molecular align-

ment identified by the alignment parameter α, obtained as described in

Section 5.3 [45]. In the same figure, the results of numerical computations

are determined using the macroscopic model for the three kinds of fibers.

Each type of fiber is characterized by the orientation index β [78], which

can be interpreted as the ratio between the projected length of the microfi-

brils along the fiber axis and their total length at a given instance. A random

orientation of microfibrils gives β5 0.5, whereas β5 1 stands for all the

microfibrils parallel to the fiber axis. As shown in Fig. 5.14, the agreement

between experiments and simulation is remarkable, especially considering

that the numerical modeling reproduces the experimental procedure step by

step. The proposed model follows the large deformation of MAS fibers and

adequately captures their alignment process, easily incorporating the main

operative microstructural mechanisms.

The mean field theory for polymers has been used to predict structure-

�property relationships for the mechanical properties of silk fibers in terms of
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chemical composition and morphological structure [79]. Silk fibers are modeled

as a composite material with ordered and disordered phases: the more rigid

domains are dispersed at a nanometer scale within the less rigid amorphous

phase. The nanoscale morphology allows the two phases to share energy at the

molecular level and behave in bulk as a homogeneous material [80].

The analysis uses a mean-field modeling method called group interaction

modeling, developed by Porter and Vollrath [81]. The chemical composition

of silk proteins is embodied in the model parameters of poly-Ala, whose

morphology is quantified by the single variable parameter of the fraction of

ordered phase (similar to the alignment parameter α [45]). The mechanical

properties of silk fibers are derived from the ordered fraction. This informa-

tion helps draw simplified stress�strain curves, whose envelope agrees with

experimental observations, as shown in Fig. 5.15.
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FIGURE 5.14 Calculated and experimental stress�strain curves for spider dragline fibers.
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5.5 Biomimetic approaches

Biomimetics intends to develop and organize the knowledge required to

reproduce the particular properties of biological materials in their artificial

counterparts [82]. In the field of silk fibers, the aim is to understand, repli-

cate, and improve (if possible) the properties of natural silks by mimicking

their composition, microstructure, and processing. Ideally, the objective is to

gain the ability to spin the fibers from an appropriate dope and to tune them

within the range of accessible properties described in the previous sections.

There are four different approaches to producing the dope feedstock from

which silk can be spun [83]: (1) the obtaining of the dope from the silk gland

of silkworms or spiders; (2) the regenerating route in which the solution of

silk proteins is obtained by dissolving the fibers and then concentrating them

by dialysis; (3) the genetic engineering techniques, that is, using modified

organisms to express transgenic proteins with a sequence inspired by the nat-

ural silks, then purifying the proteins; and (4) the synthetic way. Only the

regenerating and genetic routes have been extensively used until now, and

they are outlined in the following two subsections.

Regarding the spinning techniques, although there are some reports of

microfluidic devices that allow the modification of the pH of the dope during

spinning [84,85], most processes are based on the wet-spinning technique

[86], which requires the formation of a spinnable dope that solidifies into a

fiber in a coagulating bath. Additionally, a second step of stretching the

fibers is commonly used. In some works, it was carried out in the water or

an atmosphere of water vapor.

5.5.1 Regenerated silkworm silk

The relative ease with which silkworm (B. mori) silk fibroin can be obtained

in comparison with spider silk spidroins has stimulated the development of

artificial spinning systems to produce regenerated silkworm silk fibroin

fibers. In addition, this route is exciting for the development of biomimetics

since the study of regenerated fibers leaves one basic unknown (processing),

as the other (composition) is the same as in the natural material. Regenerated

(or reconstituted) B. mori silk-dope solutions are made from the cocoons

built by the silkworms, dissolved in strong chaotropic (hydrogen-bond dis-

rupting) solvents prepared from inorganic or organic salts, concentrated

acids, or fluorinated organic compounds. Among them, LiBr is often used.

Once the silk proteins are dissolved, the solutions are dialyzed to remove the

chaotropic molecules.

The procedures for spinning regenerated fibers differ essentially in the

composition of the initial dope and, to a lesser extent, in the design of the

coagulation bath. Thus, several dope compositions that yield spinnable solu-

tions have been reported, such as saturated ammonium sulfate solution [87],
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concentrated ortho-phosphoric acid [88], concentrated aqueous solution

[89,90], hexafluoroisopropanol (HFIP) [91,92], hexafluoroacetone hydrate

[93], formic acid [94,95], ionic liquids [96,97], and N-methyl morpholine

oxide (NMMO) [98].

The spinning of regenerated silkworm silk fibers has proved highly chal-

lenging, as reflected by the poor tensile properties reported by most studies

[89,94,98,99]. It was only after setting up subsequent changes in the basic

wet-spinning process, primarily related to the introduction of modified

postspinning drawing processes that the first reports of the production of

high-performance regenerated silkworm silk fibroin fibers with properties

comparable to those of the natural material were found [10,100�102].

One example of a successful way to obtain fibers with such properties is

to utilize a final step of water immersion postspinning drawing (IPSD)

[10,34]. This process, using fibroin in NMMO aqueous solution and metha-

nol as a coagulant, is sketched in Fig. 5.16. The possible range of the values

of the drawing ratio during the coagulation (Dr1) and the ratio during the

immersion in water (Dr2) is also represented.

It was found for this material that low values of the two ratios yield brit-

tle fibers. However, the water IPSD step allowed ductile and stronger fibers

to be obtained, which were endowed with two of the distinctive properties of

spider silk fibers: supercontraction and recovery (see Fig. 5.17). Also, the

microstructural analysis showed that the crystallinity in these fibers (B20%)

was similar to that of the spider silk fibers (B15%) and clearly lower than

the silkworm silk fibers (B60%). These properties can be explained by a

high mobility of the protein chains during water immersion, combined with

the stresses generated during postspinning drawing, yielding an improved

arrangement of the chains, and a reduction in the density of entanglements in

the amorphous region. Further, in contrast to regenerated fibers subjected to

postspinning drawing in air, water immersion provided completely homoge-

neous drawn fibers, as observed using AFM [104].

The emergence of supercontraction in regenerated silkworm (B. mori)

silk fibers have been assessed through an experimental approach that com-

bines the spinning of regenerated fibers and their characterization by 13C

solid-state NMR [105]. Both supercontracting and nonsupercontracting

regenerated fibers were produced using the straining flow spinning (SFS)

technique from 13C-labeled cocoons. The short-range microstructure of the

fibers is assessed through 13C cross-polarization magic angle spinning in air

and 13C dipolar decoupled magic angle spinning in water, and the main

microstructural features are identified and quantified. The mechanical prop-

erties of the regenerated fibers and their microstructures were compared with

those of natural silkworm silk. The combined analysis highlights two possi-

ble key elements as responsible for the emergence of supercontraction: (1)

the existence of an upper and a lower limit of the amorphous phase compati-

ble with supercontraction; and (2) the existence of two ordered phases,
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β-sheet A and B, which correspond to different packing arrangements of the

protein chains.

In addition to these conventional spinning techniques, the increased

knowledge of the natural spinning process has led to the development of

new biomimetic approaches. In this context, SFS derives from flow focusing

and wet-spinning technologies, and its principal characteristic is that the

physicochemical environment of the dope, as well as the mechanical stresses

to which the fibroins are exposed, are controlled by the interaction of the

dope with a jet of focusing fluid [106,107].

FIGURE 5.16 (A) Sketch of the spinning process of regenerated silkworm silk fibers. (B) The

graph shows the range of possible combinations of ratios during the spinning process [103].
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In this regard, the versatility of SFS is the result of a large number of

geometrical and hydrodynamic parameters [108], as well as the chemistries

of the coagulants that can be employed [109]. Thus, compared with most

wet-spinning and electrospinning approaches, the inclusion of geometrical

and hydrodynamic processing parameters as an integral part of the technique

allows spinning under a much more comprehensive range of chemistries. In

particular, remarkable results were obtained while restricted only to aqueous-

based and environmentally friendly chemistries [110,111]. The production of

high-performance and biocompatible silk fibers opens up a wide range of

novel applications in biomaterials, including sutures, prostheses for tendons

and ligaments, and scaffolds in tissue engineering.

5.5.2 Genetically engineered spider silk

Genetic engineering techniques allow cloning proteins to mimic the primary

structure of natural spider silks, with a molecular weight significantly lower

than that observed in natural proteins [112]. This limitation requires estab-

lishing an initial hypothesis on (1) which parts of the natural protein are

essential for their performance and (2) how they should be organized

FIGURE 5.17 Stress�strain curves of IPSD fibers in the as-spun condition (AS) and after

maximum supercontraction (Ms). Recovery process: (A and B) loading and unloading test of Ms

fiber; (C) water immersion; and (D) new loading process.
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[85,113,114] in order to decide the sequence. Some works have focused on

the sequence elements that contribute to the formation of the fibers during

the spinning process, particularly the nonrepetitive regions at the N- and

C-termini [18,115]. The expression of these analogs has proceeded

successfully in several different organisms, such as bacteria [116,117], yeasts

[118,119], plants [120], and animal cells [112�114]. In some cases, reports

on fibers produced from genetically engineered proteins that may surpass the

properties of the natural material may be found [121]. Genetically engineered

silks have been studied as biomaterials in tissue engineering [122]. Scheibel

[123] and Chung et al. [124] have reviewed the production, processing, and

applications of recombinant spider silk.

The first attempt to obtain artificial fibers from a solution of recombinant

proteins was reported by DuPont [125] using HFIP as a solvent and spinning

through a stainless-steel spinneret into a coagulating bath of isopropanol.

Nexia [112] produced fibers with good tensile properties using transgenic

goats expressing spidroin-like proteins (diadematus fibroin 3 [ADF-3],

MW5 60 kDa) in their mammalian cells, which were then dissolved in

phosphate-buffered saline aqueous solution and a methanol�water coagulat-

ing bath. Later attempts have tried to incorporate part of the complexity

observed in the silk glands of arthropods through the inclusion of processes

such as salting out, pH drop, and elongational flow during the spinning pro-

cess [85] or with the use of microfluidic devices [84].

In the procedure initially developed by Nexia, the bioinspired silk pro-

teins are obtained in the milk, from which they are purified. Given the

absence of other toxic molecules, it appears as an up-and-coming source for

the silk proteins to be used in the biomedical field. This method allowed col-

lection of two proteins inspired by the two spidroins (MaSp1, MaSp2) of the

species N. clavipes, which were labeled rcSp1 and rcSp2, respectively [76].

As explained in the previous sections, a distinctive characteristic of the spi-

droin MaSp2 is the high content of the amino acid proline, which has been

linked with the supercontraction phenomenon [126,127].

Fibers composed of the proteins rcSp1 and rcSp2 were obtained using

HIFP as solvent and isopropanol as coagulant [76]. Interestingly, a few dif-

ferences were found between fibers with different relative contents rcSp1

and rcSp2, and both showed the supercontraction phenomenon, demonstrat-

ing that proline is not a requisite. In addition, these bioinspired fibers were

indistinguishable from natural spider silk in terms of their tensile behavior

except at substantial deformations (see Fig. 5.18), indicating that the micro-

structural organization is significantly maintained in the bioinspired fibers.

The results obtained with bioinspired fibers provide a better understand-

ing of the key features underlying the excellent mechanical performance and

properties of natural silks, and it is now known that many initial prerequisites

on the composition of the recombinant fibers can be significantly relaxed. At

the same time, processing is appointed a leading role. In this regard, it is
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expected that future advances in spider silk-like, bioinspired fibers will pro-

vide valuable insights to foster the use of regenerated silks obtained from

cocoons, a wide and versatile source of scaffold biomaterials.

5.6 Some medical applications

In spite of a long—albeit limited—application of silks for biomedical pur-

poses [128,129], nowadays silk-based medical products available in routine

clinical use are limited to a silk surgical mesh (SERI Surgical Scaffold), silk

sutures, and silk clothing to treat dermatological diseases. All these products

are produced with B. mori natural fibers [130].

FIGURE 5.18 True stress�true strain curves of maximum supercontracted bioinspired fibers

of four compositions based on the recombinant proteins rcSp1 and rcSp2 (mimicking, respec-

tively, the primary structure of the protein MaSp1 and MaSp2 in the major ampullate silk of the

spider N. clavipes, see text) [76]. Fibers tested in the air after maximum supercontraction, 35%

RH, 25�C. The shaded area corresponds to the range of tensile properties of maximum supercon-

tracted fibers exhibited by spiders of the Araneoidea lineage.
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Silkworm silk fibroin, in its native or regenerated forms, has features

suitable for applications in tissue engineering scaffolds. To quote some, it

provides templates for tissue regeneration in skin, bone, cartilage, tendon, or

nerve [131�135].

In particular, concerning nerve regeneration, silk fibroin appears to be a

promising biomaterial. Brain damage stands as the leading cause of neuro-

logical dysfunction in humans. Effective therapies to promote substantial

recovery after brain injury are currently not available. Silk fibroin meets

most of the standards of a biomaterial suitable for this purpose. Compared

with other biomaterials, such as collagen or polylactic acid, silk induces a

lower inflammatory response [136]. Although this biomaterial has never

been used in preclinical models of brain repair, silk fibroin composites have

been employed in the regeneration of peripheral nerves in rats [137].

Silk fibroin hydrogels with bone mesenchymal stem cells (Fig. 5.19A)

were used to enhance functional outcomes after cortical stroke in mice.

Evidence of cortical plasticity, linked to active recovery occurring late after

treatment (Fig. 5.19B), was reported in previous works [138,140,]. Brain

remapping and sustained recovery were experimentally favored using a stem

cell�silk fibroin biomaterial.

The recovery of injured nervous tissue, one of the main goals for regener-

ative therapeutic approaches, is often hindered by the limited axonal regener-

ation ability of the central nervous system. In this regard, looking for

scaffolds that support the reconstruction of functional neuronal tissues and

guide the alignment of regenerating neurons is a significant challenge in tis-

sue engineering. Such scaffolds would promote and drive axonal growth, a

crucial phase for restoring neuronal connections and, consequently, nerve

function. In this topic, silk fibers have been used to exploit its outstanding

features as a biomaterial to promote axonal regeneration.

The feasibility of using regenerated silk fibers � obtained through SFS �
to serve as scaffolds for inducing and guiding the axonal growth was

reported [139]. These fibers were shown to promote the spontaneous organi-

zation of dissociated primary cortical cells into highly interconnected cellular

spheroid-like tissue formations (Fig. 5.19C�G). Neuronal projections

(i.e., axons) from these cellular spheroids span hundreds of microns along

the SFS fibers that act as guides and allow the connection of distant cellular

spheroids. In addition, regenerated SFS fibers exhibit their potential as scaf-

folds to promote guidance and axonal outgrowth. Moreover, the biocompati-

bility of such regenerated SFS fibers allows their implantation in vivo,

opening a new approach for developing neural tissue regeneration therapies.

Adult frogs can regrow a leg if they are treated with a device containing

a silk gel (from B. mori) infused with five regenerative chemicals. The new

limbs can apparently move and sense as well as the original legs [141].

Also, spider silk—in its native or regenerated form [142]—has become a

good material for tissue engineering scaffolds.
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Constructs made with decellularized vein grafts filled with spider silk fibers

(from N. clavipes) as nerve guidance showed complete biodegeneration over

time without challenging tissue reaction. Such constructs were used to success-

fully bridge a 6.0 cm tibial nerve defect in adult sheep [143]. Spider silk (from

N. edulis) has been used as a biocompatible, very stable carrier matrix combined

with a collagen type I hydrogel and adipose-derived stromal cells. With such a

construct, a tendon-like tissue was produced by axial strain [144].

Regenerated spider silk proteins (RSSP) are also an ideal substrate for

fabricating biomedical composites for nerve tissue engineering. A fibrous

composite based on RSSP from Acallodes ventricosus, was effective at

bridging 2.0 cm sciatic nerve gap in adult rats within 10 months [145].

(A)

(B)

(C)

(D) (E)

(F) (G)

200 �m

500 �m
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200 �m

PBS

mSCs

mSCs

FIGURE 5.19 (A) Hydrogel of silk fibroin. (B) Images illustrating the neuroprotective effect

of transplanted mesenchymal stem cells (mSCs) engrafted into silk fibroin hydrogels in mice

after stroke; the images show Nissl-stained coronal brain sections performed 10 weeks after

injection of PBS, mSCs alone or mSCs encapsulated in silk-fibroin hydrogels (images obtained

from two different mice in each group) [138]. Note how most of the cortical territory was pre-

served in stroke mice coinjected with mSCs and silk fibroin gels. (C) Transmitted light images

of SFS silk-fibroin fibers placed on a glass coverslip. (D�G) Immunofluorescence staining of

cortical cells grown on SFS silk-fibroin fibers: transmitted light (D) and fluorescence (E and F)

images of neural cortical cells cultured for 7 days on SFS fibers and stained for β-III-tubulin
(E) and glial fibrillary acidic protein (F). (G) Merged image of (D2F) [139].
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[22] Pérez-Riguero J, Elices M, Llorca J, Viney C. Tensile properties of Argiope trifasciata

drag line silk obtained from the spider’s web. J Appl Polym Sci 2001;82(9):2245�51.

[23] Vollrath F. Spider webs and silks. Sci Am 1992;266(3):70�6.

[24] Marsh RE, Corey RB, Pauling L. An investigation of the structure of silk fibroin.

Biochim Biophys Acta 1955;16(1):1�34.

[25] Martel A, Burghammer M, Davies RJ, Riekel C. Thermal behavior of Bombyx mori silk:

evolution of crystalline parameters, molecular structure, and mechanical properties.

Biomacromolecules 2007;8:3548�56.

[26] Riekel C, Branden C, Craig C, Ferrero C, Heidelbach F, Muller M. Aspects of X-ray dif-

fraction on single spider fibers. Int J Biol Macromol 1999;24(2�3):179�86.

[27] Rousseau M, Lefevre T, Pezolet M. Conformation and orientation of proteins in various

types of silk fibers produced by Nephila clavipes spiders. Biomacromolecules 2009;10

(10):2945�53.

[28] Work RW. Dimensions, birefringences, and force-elongation behavior of major and minor

ampullate silk fibers from orb-web-spinning spiders � effects of wetting on these proper-

ties. Text Res J 1977;47(10):650�62.
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[60] Pérez-Rigueiro J, Ruiz V, Cenis JL, Elices M, Guinea GV. Lessons from spider and silkworm

silk guts. Front Mater 2020;. Available from: https://doi.org/10.3389/fmats.2020.00046.

[61] Gosline JM, Denny MW, Demont ME. Spider silk as rubber. Nature 1984;309

(5968):551�2.
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Straining flow spinning: production of regenerated silk fibers under a wide range of mild

coagulating chemistries. Green Chem 2017;19:3380. Available from: https://doi.org/

10.1039/c7gc01254c.
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