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The results presented in previous works on the formation of fibers from silkworm and
spider silk guts are reviewed and new information is included on the glands that allow
the formation of these fibers. Silk gut fibers are obtained directly from the silk glands by
immersion in a mild acid solution and subsequent stretching. The fibers so produced
were characterized in terms of their microstructure and mechanical properties. The
comparison of silk gut fibers with their natural counterparts allows gaining new insights
in the processing, microstructure and properties of both silkworm and spider silks.
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INTRODUCTION

Silkworm and spider silks represent a fascinating biological system at the frontier between
Materials Science, Biology and Biotechnology (Heim et al., 2009). In spite of originating from
two independent evolutionary events (Craig and Riekel, 2002), the concurrence of many of their
defining features points to the robustness and universality of their design principles. In this regard,
both systems are based on the conversion of a protein solution into high performance solid fibers
under extremely mild processing conditions (Vollrath and Knight, 2001; Jin and Kaplan, 2003).

Consequently, the study of silks and the development of artificial processes and new materials
inspired in these fibers has represented one of the major driving forces in the field of biomimetics
(Schmitt, 1969). The implementation of the biomimetic approach, however, requires unveiling
the basic principles of the natural system that, in the case of silks, is hampered by the subtle
interplay of all the contributing elements to the spinning process. Thus, discriminating between
the basic principles of the process and those accidental to couple the system with the living
spinning organism, either worm or spider, proved a most difficult task. As a result of this difficulty
and although significant advances were made on the understanding of the system (Iizuka, 1985;
Askarieh et al., 2010; Hagn et al., 2010), the development of biomimetic spinning systems and fibers
is still an intensive area of research (Madurga et al., 2017).

In this context, the possibility of producing fibers directly from the silk glands offers a clear
opportunity to explore the elements of the process following a route that differs from the natural
spinning system. The fibers produced from the silk glands, known as silk gut fibers or, briefly, silk
guts (“hijuelas” in Spanish and “crins de Florence” in French) were a traditional craftsmanship
product in southern Europe, especially in the Región de Murcia (Spain), during the XVIII and XIX
centuries (Humphries, 1949; Marden, 1951; Martin, 1991). Silkworm silk gut fibers were produced
by immersing the worms in a vinegar solution and by subsequently stretching the glands, leading
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to what were the best fibers of its time. The production of silk guts
was discontinued in the 1950s due to the impossibility to compete
in the market with the new polymeric fibers, such as nylon.

In spite of its long history, no detailed characterization of the
microstructure and mechanical behavior of silkworm silk gut was
available until 2015 (Cenis et al., 2015), when it was found that
the comparison of the silk guts with the natural materials allowed
a deep insight on the spinning process and on the microstructure
and mechanical properties of both materials. In addition, it was
also found that a similar process leads to the formation of spider
silk gut fibers from spider silk glands (Jiang et al., 2014; Ruiz
et al., 2019). This work reviews the main findings obtained
from the comparison of silkworm and spider silk gut fibers
with their natural counterparts, and highlights those aspects
deemed more relevant for the study of these material from a
biomimetic perspective.

EXPERIMENTAL WORK

The details on the experimental work on the formation
of silkworm and spider silk guts and their subsequent
microstructural and mechanical characterization are provided
elsewhere (Jiang et al., 2014; Cenis et al., 2015; Ruiz et al., 2019).
Briefly, glands were retrieved from the spinning organisms after
being anesthetized. Silk gland extraction is straightforward with
worms, but requires the careful assessment of the gland to be
used when working with spiders. This assessment was performed
through mass spectroscopy by identifying peptides characteristics
of each spidroin as found from Genetic analysis (Babb et al.,
2017). After being retrieved, the glands were immersed in Ringer’s
solution for a period no longer than 30 min. Glands were then
submerged into a mild acetic acid solution, typically with a
concentration in the range 1–5%, and removed after a period
of time between 1 and 6 min. The excess of water was gently
removed and the glands were stretched either with a tensile
testing machine or by hand.

Stretching the gland in a tensile testing machine allows
measuring the forces that appear during the formation of the
silk gut. These forces were converted to engineering stress vs.
engineering strain curves. The engineering strain sustained by
the gland during the formation process was defined as the
increment in length of the gland divided by the initial length of
the gland (typically 60 mm for silkworm silk and 5 mm for major
ampullate gland silk). The engineering stress to which the gland
is subjected during the formation process of the silk gut fiber
were calculated as the ratio between the measured force and the
maximum cross sectional area of the silk gut as measured in an
optical or scanning electron microscope. Usage of the maximum
cross sectional area in this case corresponds to calculating the
minimum stress required for completing the transition of protein
solution into solid fiber.

Silk guts were mounted on aluminum foil frames with gauge
lengths between 10 and 60 mm, and micrographs were obtained
either in an optical microscope or in a scanning electron
microscope in order to determine the apparent diameter of the
fibers. The cross sectional area was calculated from the apparent

diameter of the silk gut by assuming a circular cross section.
Engineering stresses of the silk gut fibers were calculated by
taking the minimum diameter of the silk gut, and true stresses
were calculated from engineering stresses under the assumption
of volume constancy (Guinea et al., 2006). In this case, the
usage of the minimum cross sectional area of the silk gut fiber
is intended to provide the value for the maximum stress that
the fiber may sustain. The microstructural characterization of
the silk guts was performed through Fourier transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD).

RESULTS AND DISCUSSION

Silk Guts From Silkworm and Spider Silk
Glands
The historical process for making fibers from silk guts was
developed with silkworms and thrust by the practical applications
of the material. Silkworm silk guts were formed traditionally in a
two-step process that required immersion in a vinegar solution
and subsequent manual stretching (Humphries, 1949; Marden,
1951). An example of a fiber obtained following this process,
although the vinegar solution is substituted by an acetic acid
solution, is shown in Figure 1A. Extending this process to obtain
fibers from silk guts from spider silk glands had to face with
two main difficulties. Firstly, orb-web spiders present up to seven
different silk glands, from which up to five different types of
fibers are spun (Heim et al., 2009). Since each fiber is endowed
with a characteristic set of tensile properties (Blackledge and
Hayashi, 2006), it was likely that spider silk guts produced from
different glands might exhibit different properties. Consequently,
it was necessary to get a proper identification of the glands being
employed. Secondly, the size of spider silk glands is much smaller
than that of silkworms, even if working with specimens from
the Nephila genus, that includes some of the largest orb-web
spiders. This smaller size renders the manipulation of the gland
and, especially, the stretching step much more difficult than for
silkworm silk gut. Fortunately, these drawbacks were overcome

FIGURE 1 | Optical micrographs of different spider and silkworm silk gut
fibers produced by immersion in an acetic acid solution and subsequent
stretching by hand. The details of the formation process for each silk gut are
shown in Table 1. (A) Silkworm silk gut. (B) Major ampullate gland silk gut.
(C) Tubuliform gland silk gut. (D) Minor ampullate gland silk gut.
(E) Flagelliform silk gut. Major ampullate glands were retrieved from Nephila
inaurata specimens. Tubuliform, minor ampullate and flagelliform spider gland
silks were retrieved from Nephila clavipes specimens.
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in most cases and Figures 1B–E show optical micrographs of
spider silk guts obtained from the major ampullate gland, the
tubuliform gland, the minor ampullate gland and the flagelliform
gland, respectively. All glands were retrieved from Nephila
clavipes specimens, except for the major ampullate gland that was
retrieved from a Nephila inaurata spider. Attempts to produce
silk gut from the acciniform gland failed due its small size and
the impossibility to stretch the gland after being immersed in the
acetic acid solution. The detailed conditions for the formation of
each silk gut shown in Figure 1 are indicated in Table 1.

The possibility of producing fibers from silk guts of all the
spider silk glands amenable to being manipulated suggest the
existence of a common spinning process that is likely to have
appeared in the ancestral silk gland (Blackledge et al., 2009). In
this regard, it is more surprising that a similar process leads to
the formation of silkworm silk glands. Silkworm and spider silks
are thought to be the result of two independent evolutionary
events. Consequently, the parallelism in the processing of both
materials may be understood as an indication of the robustness
of a process that allows the conversion of a protein solution into
high performance solid fibers. As indicated above, the difficulty
in obtaining silk guts increases when the size of the gland
decreases. Consequently, the most complete microstructural and
mechanical characterization of silk guts is limited up to date to
the larger glands: silkworm silk, and spider major ampullate and
tubuliform glands. For this reason, these are the materials on
which the discussion below will be based.

Silkworm Silk and Silkworm Silk Gut
Fibers
The tensile properties of natural silkworm and silk gut fibers are
compared in Figure 2. Since the properties of natural silkworm
silk depend on the treatment that the material undergoes
before being tested, representative true stress-true strain curves
of fibers either obtained by forced silking or subjected to a
subsequent degumming treatment are presented. Both conditions
were shown to summarize the large variability in the tensile
properties that is characteristic of the natural material (Belen
Perea et al., 2016). Although the qualitative mechanical behavior
of all fibers is comparable, there are significant quantitative
differences between silk gut fibers and natural fibers that preclude
the identification of the former with their natural counterparts. In
other words, the silk gut formation process applied to silkworm

TABLE 1 | Processing conditions of the silk guts shown in Figure 1.

Silk gland Acetic acid
concentration (%)

Immersion
time (min)

Silkworm (Bombyx mori) 2 2

Major ampullate gland (Nephila inaurata) 1 3

Tubuliform gland (Nephila clavipes) 1 1

Minor ampullate gland (Nephila clavipes) 1 1

Flagelliform gland (Nephila clavipes) 5 3(+2)

Flagelliform silk gut was formed after immersion in the acetic acid solution for 3 min,
and stretched 2 min later after being removed from the acetic acid solution.

FIGURE 2 | Comparison of the true stress-true strain curves of natural
silkworm silk and silkworm silk gut. The tensile properties of silkworm silk
fibers obtained by forced silking and after being subjected to a degumming
treatment are shown. Silkworm silk gut was produced by immersion in a 2%
acetic acid solution for 2 min and subsequent stretching.

silk glands does not lead to the formation of proper silkworm
silk, so that the differences between silkworm natural silk, and silk
gut are deeper than the mere variation in the cross sectional area
of the fibers obtained by both processing methods. Differences
are observed very clearly when comparing the elastic modulus of
the natural silk, that ranges between E = 14 GPa (forcibly silked)
and E = 12 GPa (degummed) for the natural material, and the
value of E = 7 GPa, measured for silkworm silk gut. Differences
are also apparent when the regions at high strains beyond the
yield point are compared. In this region the average slope of the
silkworm silk gut stress-strain curves is significantly smaller than
those of the natural silk fibers, either forcibly silked or after being
subjected to degumming.

The XRD analysis of silkworm silk gut has revealed some
microstructural features that justify the differences in the
mechanical behavior observed between natural fibers and silk
gut fibers. Representative XRD patterns of natural silkworm silk
and silkworm silk gut fibers are presented in Figures 3A,B,
respectively. It was found that both materials share a common
unit cell, but significant variations are observed in terms
of crystallinity and in the size of the β-nanocrystals. Thus,
crystallinity in silkworm silk gut reaches a value of ∼30%, that
is half of the value found in silkworm silk. This reduction in
crystallinity accounts for the reduction in the elastic modulus
of silkworm silk gut fibers compared with the natural fibers. In
addition, a two-state polymer model (Puglisi et al., 2017) may
account for the reduction in the average slope of the silkworm silk
gut stress-strain curve in the high strain region when compared
with the natural material. The two-state polymer model assumes
that the micromechanism responsible for the deformation of the
polymeric fiber is the transition from rigid folded to entropic
folded domains. The higher crystallinity of the natural silk
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FIGURE 3 | Microstructural analysis of silkworm silk and silkworm silk gut
fibers. (A) X-ray diffraction pattern of a natural silkworm silk fiber. (B) X-ray
diffraction pattern of a silkworm silk gut. (C) Schematic representation of the
average β-nanocrystal in natural silkworm silk. (D) Schematic representation
of the average β-nanocrystal in silkworm silk gut fibers. In panels (C,D) each
cube represents a unit cell of the nanocrystalline phase.

fibers implies the existence of a larger fraction of rigid folded
domains, whose unfolding requires higher values of stress, as
observed experimentally.

The differences between the natural material and silk guts
are even more significant when the size of the nanocrystals is
considered. A schematic representation of the β-nanocrystals as
found in silkworm silk and silk gut is shown in Figures 3C,D, in
which each cube represents a unit cell. From these schemes it is
apparent that the volume of a β-nanocrystal in natural silkworm
silk is much larger than that of a β-nanocrystal in silk gut.
This result suggests that the appearance of the highly crystalline
structure of silkworm silk is dependent on the details of the
natural spinning process in the worm. Some of the processing
conditions must not be reproduced in the process that leads
to the formation of the silk gut fibers and, consequently, the
microstructure of the latter does not reach such a high value for
the crystalline fraction. The deviation of the natural silkworm silk
fiber cross section from a circular shape might be a clue, since
it indicates that the fiber must be subjected to significant shear
stresses during its processing in the silk gland.

Another interesting aspect raised by the comparison of the
β-nanocrystals in natural silk and silk guts is the formation of

the nanocrystals from the piling up of exactly three β-pleated
sheets in both cases. The persistence of this microstructural
feature in contrast with the large overall differences between the
nanocrystalline phases in both materials might reflect a deep
design principle of silkworm silk. A similar piling up of exactly
three β-pleated sheets that make up the nanocrystalline phase was
also found in an extensive analysis of the microstructure of MA
spider silk retrieved from different species (Madurga et al., 2015).

Major Ampullate and Tubuliform Silks
and Silk Guts
In spite of the parallelisms in the formation process of silkworm
and spider silk guts, the comparison of the latter with natural
spider silk fibers points to the existence of profound divergences
in some design principles between silk spinning in worms and
spiders. As indicated above, although spider silk gut fibers were
obtained from four different spider silk glands: major ampullate
gland, tubuliform gland, minor ampullate gland, and flagelliform
gland, only silk guts produced from the two largest glands
(MA and Tub) were amenable for a detailed mechanical and
microstructural characterization. The comparison of MA and
Tub silk guts with their natural counterparts is presented in
Figures 4A,B.

Figure 4A compares the tensile properties of natural MA silk
and MA silk gut fibers obtained from N. inaurata spiders. The
large variability shown by MA silk, even when a single spider
species is considered has represented a major challenge for the
characterization of the material (Madsen et al., 1999; Perez-
Riguero et al., 2001). In this regard, the application of techniques
based on the supercontraction of MA silk (Work, 1977;
Perez-Rigueiro et al., 2003) allows a relatively straightforward
procedure for the comparison of MA fibers spun under different
experimental conditions or spun by different species (Madurga
et al., 2016). Consequently, the possible supercontraction ability
of MA silk gut fibers was assessed and it was found that, as with
the natural material, MA silk gut fibers exhibit a ground state to
which the fiber can revert by immersion in water. The existence
of this ground state is considered as the defining property of a
supercontracting fiber (Perez-Rigueiro et al., 2019).

From Figure 4A it is apparent that MA silk gut fibers subjected
to maximum supercontraction concur with the natural MA
fibers, also subjected to maximum supercontraction, up to the
breaking point of the former. The similarity between both fibers
was also supported by the concurrence of their FTIR spectra
and XRD patterns (Jiang et al., 2014). Consequently, MA silk
gut fibers can be identified with natural MA spider silk, so that
the only essential difference between both fibers is the large
divergence between their cross sectional areas. This difference
in the cross sectional area might also account for the reduced
tensile strength of MA silk gut fibers, since it is a well-established
principle of Materials Science that tensile strength is inversely
proportional to the cross sectional area of a fiber. Although this
principle is mainly supported by data obtained from artificial
materials, it is reasonable to assume that a larger area also
allows the existence of larger defects in natural materials, leading
to a reduced strength. In contrast with the extreme variability
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FIGURE 4 | Comparison of the true stress-true strain curves of natural spider silk and spider silk gut fibers. (A) Comparison of the major ampullate gland silk natural
fibers and major ampullate silk gut fibers of Nephila inaurata. (B) Comparison of the tubuliform natural fibers spun by Argiope bruennichi spiders and tubuliform silk
gut fibers produced from Nephila clavipes spiders.

characteristic of MA fibers, Figure 4B illustrates the extreme
conservation of tubuliform silk. In this case, the tensile behavior
of natural Tub silk and Tub silk gut fibers is shown to concur even
when fibers from two species that diverged over 120 Mya (Elices
et al., 2009) (Argiope bruennichi and N. clavipes) are compared.

The previous results highlight two profound principles in
the design of the spider silk spinning system. First of all, it is
apparent that the instructions required for forming the solid
fiber from a protein solution are contained in the spidroin
solution in the gland and are independent of the detailed
spinning mechanism, in particular from the spider gland silk.
It is found that the formation of spider silk gut fibers, either
MA or Tub, only requires a change in the pH of the solution
and subsequent stretching, and a material with the same
microstructure and mechanical properties of the natural spun
fibers is obtained. In addition, it also shows the intriguing
contrast between the extreme variability observed in MA silk
and the extreme conservation of Tub silk. In spite of sharing
a common organization based on large proteins constituted
by a small number of repetitive amino acid motifs, the large
differences observed between both silk fibers opens the question
of which evolutionary pressures may have led to these two
divergent behaviors.

Process of Silk Fibers Formation From a
Protein Solution
The capacity to produce silk gut fibers with properties
comparable to their natural counterparts also allows access to
some features of the transition between protein solution and solid
fiber that are usually hidden in the silk glands of the spinning
organisms. Thus, it is feasible to measure the forces (and stresses)
involved in the formation of the silk gut fibers and, in addition,

it is also possible to follow the early microstructural changes
associated with the formation of the solid fiber.

Figure 5A illustrates the forces involved in the formation
process of silkworm and MA silk gut fibers expressed as
engineering stress-engineering strain curves. It is again striking
the concurrence between both curves in spite of the differences
in evolutionary origin between the spinning organisms. There
are, however, some remarkable differences in the details of both
curves, that point to differences in some of the deformation
mechanisms of both silk guts. Thus, the recorded mechanical
properties obtained during the formation MA silk do correspond
to an elastomer (Gosline et al., 1984), and is consistent with
the importance of the elastomeric behavior of the protein
chains in the mechanical properties of MA silk (Termonia,
1994, 2000). In contrast, silkworm silk gut exhibits an initial
stiffer region followed by a more compliant behavior at larger
values of strain. A comparable tensile behavior was observed
in silkworm (Bombyx mori) silk fibers tested in water (Perez-
Rigueiro et al., 2000) and is not compatible with an elastomeric
behavior of the protein chains in the initial steps of silkworm
silk gut formation.

It was found that both glands were solidified at an engineering
strain of ∼100% (i.e., the gland is stretched up to a length that
doubles its initial length) and this value is shown on each curve by
a solid circle. The combination of the stress–strain curve during
the silk gut formation process and the observation that the fiber
is formed at this value of strain allows determining the minimum
force, or equivalently, the minimum stress required to complete
the transition between protein solution and solid fiber. From
Figure 5A a value of ∼1 MPa is obtained, which is significantly
lower than previous estimations on the stresses involved in the
spinning of natural silks obtained from the rheological study of
the protein solution (Holland et al., 2006; Kojic et al., 2006) or
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FIGURE 5 | Characterization of the silk gut formation process. (A) Illustrative engineering stress-engineering strain curve measured during the silk gut formation
process from the gland of a silkworm (B. mori) and of a MA gland (N. inaurata). (B) Comparison of the FTIR spectra of natural B. mori silk fiber, a pre-gut fiber formed
by stretching the gland up to a strain of 100%, and a pre-gut fiber formed by stretching the gland up to a strain of 100% and being allowed to dry in air for 1 h.

by measuring the forces exerted on the fiber during forced silking
(Elices et al., 2006). Both experimental procedures had estimated
a value of the spinning stresses between 20 and 40 MPa. The
results obtained from the analysis of the forces involved in the
formation of silk gut suggest that these larger values might be
related with other processes in the spinning of the natural fiber
[i.e., friction of the fiber with the valve in the spinning of MA
silk (Ortlepp and Gosline, 2004)] different from the transition
between protein solution to solid material.

Figure 5B shows the amide I peak of silkworm (B. mori) silk
obtained by FTIR and compares it with the amide I peaks of a
silkworm silk pre-gut (see below for the definition of pre-gut) and
a silkworm silk pre-gut subjected to drying for 1 h. Silkworm silk
pre-gut was formed by stretching the gland up to an engineering
strain of e = 100% (initial length of the gland: 60 mm, final
length: 120 mm), stopping the process at that value of strain and
recording the FTIR spectrum immediately. Alternatively, other
pre-guts were produced under the same conditions and allowed
to dry for 1 h before being characterized by FTIR. A clear shift
of the maximum of the peak from ∼1640 cm−1 in the silk pre-
gut, to 1620 cm−1 in the dried silk pre-gut and in the natural
silkworm is observed. This shift is the result of the increasing
contribution of β-pleated sheets to the secondary structure of the
proteins (Pellerin et al., 2005). It is remarkable, however, that
a significant fraction of β-pleated sheet is observed in the silk
pre-gut fiber, which supports the hypothesis that the appearance
of this secondary structure and, possibly, the piling up of the
β-sheets into β-nanocrystals are very early events in the formation
of the solid fiber. Drying of the pre-gut leads to an increase in
the content of the β-pleated and to the formation of 31 helices
(Chen et al., 2001; Teramoto and Miyazawa, 2005), and illustrates
the order in which the microstructure of silkworm silk is formed
during the formation process of the fiber. A similar study was not
possible on MA silk guts due to experimental difficulties related
with the much smaller size of the MA gland (∼5 mm).

CONCLUSION

Silk gut fibers can be produced from the silk glands of silkworm
(B. mori) and from the major ampullate gland silk, tubuliform
gland silk, minor ampullate gland silk, and flagelliform gland silk
of Nephila spiders by immersion of the glands in a mild acidified
solution and subsequent stretching.

The stress-strain curves of silkworm silk gut fibers are
qualitatively similar to those of the natural silkworm silk fibers,
but differ in the value of the mechanical parameters, such
as the elastic modulus. These differences can be traced back
to variations in the crystalline phase between both materials.
Crystallinity of silkworm silk gut fibers is half of that measured
from the natural fibers. Besides, the size of the β-nanocrystals in
silkworm silk gut fibers is much smaller than that of native silk.
However, in spite of 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.

In contrast to silkworm silk, MA and Tub spider silk gut
fibers are shown to be the same material as their natural
counterparts. MA 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 Tub silk gut fibers and Tub native fibers of different
species points to the persistence of these silk fibers throughout
evolution. 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.

The possibility of producing silk gut fibers also offers a
unique opportunity to monitor the early events leading to the
formation of the fiber. In this regard, it is found that the major
microstructural change leading to the formation of the solid
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material is the appearance of β-pleated secondary structure at a
strain of∼100%. 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∼1 MPa, which is a much
smaller value than previous estimations suggested. Differences
between these previous values and the one found from the
analysis of the silk might arise from other forces that appear in
the natural spinning process, but which are not directly involved
in the liquid-solid transition. All these findings highlight the
insights that can be gained from the comparison of silk guts
and natural silk fibers and should encourage the making of new
studies that might follow this rationale in the future.
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