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Spider silk fibers were produced through an alternative processing route that differs widely from natural
spinning. The process follows a procedure traditionally used to obtain fibers directly from the glands of
silkworms and requires exposure to an acid environment and subsequent stretching. The microstructure
and mechanical behavior of the so-called spider silk gut fibers can be tailored to concur with those observed
in naturally spun spider silk, except for effects related with the much larger cross-sectional area of the
former. In particular spider silk gut has a proper ground state to which the material can revert independently
from its previous loading history by supercontraction. A larger cross-sectional area implies that spider silk
gut outperforms the natural material in terms of the loads that the fiber can sustain. This property suggests
that it could substitute conventional spider silk fibers in some intended uses, such as sutures and scaffolds in
tissue engineering.

in a series of sequential steps that started with the production of solid threads and culminated with the

spinning of high performance fibers’. During this process, protein composition and spinning route evolved
to yield the unique microstructure and properties of spider silk®. However, disentangling the individual con-
tributions of the chemical structure of the proteins® and of the physiological and anatomical features related to
fiber processing®, has proven an extremely involved task that severely hampers a possible biomimetic” approach
based on these materials®®.

An alternative to the natural spinning process exists for the production of silkworm silk fibers. This processing
route is based on a traditional procedure that allows obtaining fibers directly from the glands of the worms after
being exposed to an acid environment and subsequently stretched'®", yielding the so-called silkworm silk gut
fibers. Following this technique, it is shown that high-performance spider silk gut fibers can also be produced
directly from the major ampullate gland of orb-web weaving spiders.

Major ampullate gland as dissected from the spider shows a mucus-like texture and breaks up readily if
stretched while being held with tweezers. Similar behavior is observed if the gland is incubated in neutral or
slightly basic solutions prior to stretching. In contrast, if incubated in an acid environment (acetic acid/water), a
solid fiber is obtained upon stretching. The morphology of spider silk guts, including fracture surfaces of tensile
tested samples, is shown in Figure 1. These images do not show any remains of the gland tissues on the fiber, which
are assumed to play no significant role in the process. A wide range of diameters from 30 pm to 240 pm were
found in the fibers, and significant variability was observed even along individual fibers. The diameter in the
middle region of each fiber was systematically greater than those at the ends. Different diameters were typically
measured at both ends of a given fiber, possibly reflecting initial variations in the diameter of the original gland.
Longer incubation times usually led to increased values of the average diameter of the fiber. Fracture surfaces
appeared flat with no evidence of the presence of a fibrillar microstructure at the micrometer scale.

T he essential traits of spider silk fibers' and of their constituent elements, spidroin proteins® have been fixed
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Figure 1| Representative spider silk gut micrographs. (a) and (b) optical
micrographs. (¢) and (d) SEM micrographs of the lateral surface. (e) and
(f) SEM micrographs of fracture surfaces. Scale is indicated in each
micrograph.

During natural spinning, shear stresses are expected to induce
conformational changes in the soluble fibroins that lead to the forma-
tion of B-nanocrystallites and result in the formation of insoluble
fibers'>. pH is considered to play a role in the formation process due
to the presence of proton pumps in the gland' and of pH-sensitive
domains in spidroins'*'®. The results obtained on spider silk gut not
only confirm these basic assumptions but also allow a quantitative
description of the process.

Thus, it is found that the silk gut is formed exclusively by the
combined action of an acid environment and subsequent stretching.
The process is sensitive to the acid concentration, with an optimal 1%
acetic acid/water (v/v) solution being found for an incubation time of
three minutes. Higher concentrations led to a faster solidification of
the gland, preventing any subsequent change induced by stretching.
Concentrations below 0.5% did not lead to fiber formation. The use
of the optimal conditions was found to ensure not only a high repro-
ducibility of the silk gut properties but also the concurrence of its
mechanical properties with those of natural major ampullate (MA)
silk fibers. Longer incubation times led to an increase in the variabil-
ity of the material, with a trend towards stiffer fibers being apparent.
No significant differences were observed among fibers stretched at
different speeds.

The forces and strains involved in the process were monitored
during fiber formation (Figure 2). Strain is defined as the ratio
between the increase in length of the gland and its initial length fixed
at 5 mm. No clear trends were found between the measured forces

and incubation time or stretching speed. Conversion of the forces
into stresses during the process requires careful consideration of the
cross-sectional area to be used. Thus, it was found that the apparent
diameters in the middle of a single fiber could be up to three times
greater than the values observed at the ends (acetic acid concentra-
tion: 1%; incubation time: six minutes from 93 to 240 pum; Acetic acid
concentration: 1%, incubation time: six minutes from 32 to 110 pm).
It was also found that the values at the ends of a given fiber, albeit
smaller than those in the middle, were not necessarily similar. These
differences might possibly reflect initial variations in the diameter of
the original gland.

Since the most relevant parameter of the formation process is the
minimum stress required to complete the transition from the viscous
fluid to the solid fiber, formation stresses were calculated by using the
value of the maximum cross section measured on the fiber. Four
samples were produced under optimal incubation conditions and
stretched to the point that elongations of either 30 mm or 40 mm
were reached. These processes allow estimating a value of approxi-
mately 700 kPa for the formation stresses, although the actual value
required to form the fiber might be significantly lower, since fibers
were formed before stopping the process.

Previous quantitative estimates of the silking stresses had been
obtained by either analysing the rheological behavior of the protein
solution in the gland'®"” or by direct measurement of the forces
involved in the forced silking process'. Values of approximately
40 MPa were consistently reported, with these relatively high values
being interpreted as an indication of the importance of the silking
stresses in the fiber formation process. In contrast, the stresses
required for forming silk gut fibers are found to be significantly
lower. This discrepancy suggests that stress on its own does not seem
to be the ultimate mechanism that controls fiber formation. Instead,
fiber formation seems to require the relative displacement among the
proteins which, in turn, induce conformational changes of the pro-
tein chains and finally lead to the creation of B-nanocrystallites.
Although this reorganization is induced by mechanical stresses,
comparison of natural MA and silk gut indicates that different pro-
cessing systems may yield the same material regardless of the actual
values of the stresses required in each case.

Representative Fourier transform infrared (FTIR) spectra and X-
ray diffraction (XRD) patterns of spider silk guts are shown in
Figure 3. The region of the amide I and amide II peaks are presented
in Figure 3a and compared with a spectrum of Nephila inaurata MA
silk. All spectra show concurring peaks at 1626 cm™'and 1514 cm ™',
that are associated with a B-pleated secondary structure'*°. XRD
patterns of silk guts show diffraction spots that can be assigned to
the (210) and (010) planes of an orthorhombic unit cell with para-
meters a = 0.96 = 0.07 nm and b = 1.06 * 0.06 nm (Fig. 3d). The
size of the nanocrystals and the fraction of crystalline phase were
estimated from the patterns yielding values of ~3 nm and y, ~ 18%,
respectively. The position of the diffraction spots, dimensions of the
unit cell, size of the nanocrystals and crystalline fraction are all com-
parable with values previously reported from maximum supercon-
tracted Argiope trifasciata MA silk*'. Microstructural data also show
that the formation of spider silk gut is completed at the early stages of
stretching.

The concurring mechanical behavior of silk guts and MA is
observed from the comparison of their tensile properties when tested
in water (Figure 4a), which suggests a common mechanism con-
trolled by forces of entropic origin®** to both sets of fibers.
Concurrent behaviour in water suggests that there is a possible exist-
ence of a ground state in silk gut** to which the fiber can return
regardless of its loading history, with it being manifested through
supercontraction® in water. All silk guts showed supercontraction
with values of the percentage of supercontraction® (%SC) ranging
from % SC = 9% to % SC = 46%. No clear trend was established
between the formation conditions and % SC. The existence of a
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Figure 2 | Representative curves of the force exerted during spider silk gut formation vs strain. Base length, L, = 5 mm. All fibers were incubated in an
acetic acid/water (1% v/v) solution. The values of the incubation time and stretching speed of each process are indicated.

ground state was further confirmed through recovery tests®
(Figure 4b).

Maximum supercontracted spider guts and MA fibers were shown
to yield concurring true stress-true strain curves (Figure 4c), even for
the samples prepared with the lowest strain values (curve marked *).
Although some curves of the samples incubated for six minutes
concurred with those of MA silk (curve marked **), variability was
shown to increase with incubation time as most fibers showed a
stiffer behaviour. The existence of a ground state even in the stiffest
fibers was proved through recovery tests. This finding suggests that
different ground states can be shaped in spider silk during processing
and remain imprinted in the fiber independently from its subsequent
loading history.

The major difference in mechanical behaviour between silk gut
and MA silk is the lower values of tensile stress and strain at breaking
of the former. Three possible causes might account for this differ-
ence: i) unobserved microstructural differences between each mater-
ial, ii) the inhomogeneous cross-sectional area of silk guts, and iii)
their larger cross-sectional areas.

Although some differences in the microstructures of each material
cannot be completely discarded, it is apparent that inhomogeneities
will lead to the appearance of stress concentration sites in the regions
where the cross-sectional area varies, with the subsequent reduction
in the mechanical properties of silk gut. In addition, it is a general
trend in fiber science that the resistance of any given material
increases when the cross-sectional area of the fiber decreases”. In
this regard, the detailed comparison of the breaking behavior of MA
and silk gut shows that the latter presents an unexpected tensile
strength. The estimated value of the mean tensile strength of silk
gut can be calculated by following a Weibull analysis from the values
of the Weibull parameter, the mean tensile strength of MA silk and
the cross-sectional areas of each type of fibers as: Gy

S 1/m
(ﬂ) G ma- Assuming values of m = 3.4%® for the Weibull para-

Sgut
meter, G4 ~ 1200 MPa for the mean tensile strength of MA fibers,
and Sy;p ~ 4 pm®and S, ~ 40000 um? for the cross-sectional areas
of spider silk and silk gut, respectively, the predicted value of the
mean tensile strength of silk gut is ,,, ~ 80 MPa far below the
experimental value of ,,; ~ 450 MPa.

Finally, and although a larger cross-sectional area probably
reduces its tensile strength, such an area also endows spider silk
gut with the possibility of sustaining forces of hundreds of grams
in contrast to the forces in the order of grams sustained by MA fibers.
In particular, the fiber marked (**) in Figure 4c reached the max-
imum value of breaking force (5500 mN) of all silk guts. Following
the previous discussion, this particular fiber can surely claim the
honour to have sustained the highest load a spider silk fiber has ever
managed. A deeper knowledge of the spider silk gut system will
probably make this moment of glory ephemeral.

Methods

Spider silk guts were prepared from MA silk glands of adult female Nephila inaurata
spiders (Fig. 5a). Prior to gland retrieval, the spiders were kept in captivity and fed a
diet of crickets. The glands were dissected from anaesthetized spiders and kept in
Ringer’s solution for a period not exceeding 25 minutes before starting the spider silk
gut formation process. Care was taken to extract specifically major ampullate silk
glands®* in a way that the glands were not broken during dissection.

Spider silk gut formation started with the transfer of MA glands from the Ringer’s
solution to an acetic acid/water solution (Fig. 5b). From a set of preliminary tests,
values of acetic acid concentration of 0.5% (pH = 2,9) or 1% in water (v/v) (pH = 2,6)
and durations of either three or six minutes were used. After removal from the acetic
acid solution, glands were stretched in a tensile testing machine (Instron 4411)
(Fig. 5¢). A balance AND 1200 (resolution * 10 mg) was used to measure the force
exerted on the gland during stretching, as described elsewhere®'. Self-closing tweezers
were used as upper and lower grips for silk gut formation. A droplet of glue was
deposited on the tip of the tweezers to improve hold. The gland was positioned with
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Figure 3 | Microstructural characterization of spider silk gut. (a) FTIR spectra of the amide I and amide II region of spider silk guts obtained either after
fully stretching or after controlled stretching up to a deformation of 30 mm (initial length of the gland, Ly = 5 mm). The FTIR spectrum of a Nephila
inaurata MA silk fiber obtained by forced silking is shown for comparison. All spectra are normalized using the value of the intensity at 1625 cm™' (amide
I peak). (b) and (c) XRD diffraction patterns of spider silk guts either fully stretched or after controlled stretching up to a deformation of 30 mm,
respectively. (d) A scheme of a B-nanocrystals indicating the labelling of the unit cell dimensions.

its middle portion approximately located between the tweezers, with the tips being
kept at a distance of 5 mm. Stretching of the gland proceeded in air at speeds of 10, 40
and 80 mm/min until it became detached from one of the tips of the tweezers. A small
number of samples which could not be held properly with the tweezers were stretched
manually.

Each spider silk gut was cut into a number of adjacent samples with an approximate
length of 30 mm (Fig. 5d). The number of samples depended on the initial length of the
silk gut and ranged from one to four. The lateral dimensions of all the samples were
measured from optical micrographs recorded with an optical microscope (Leica DMI
3000 B). At least four micrographs were taken from each sample and at least two
measurements were taken from each micrograph using the Image]J program. After tensile
testing, the samples were retrieved, metallized with gold for 45 seconds and observed in a
field emission scanning electron microscopy (FESEM) Auriga Zeiss at V = 3 kV.

Before tensile testing, all the samples were subjected to maximum supercontraction
in order to reduce the intrinsic variability observed in the silks®***. Samples were

allowed to supercontract for four hours in water (Fig. 5e) and then dried overnight
before being subjected to any additional test. The extent of supercontraction was
measured with the percentage of supercontraction, %SC, defined as %SC = 100 X (L,
— Lys)/Lo where Ly is the initial length of the fiber and Lys is the length after
maximum supercontraction.

The mechanical properties of maximum supercontracted silk guts were studied by
means of tensile tests performed in air or water (Fig. 5f). Tensile tests in air were
performed at a speed of 1 mm/min. Loads exerted on the fibers were measured with a
balance AND 1200, with it being assumed that the displacement of the upper grip was
a sufficiently accurate measurement of the increase of length of the sample, since the
compliance of the fiber was much larger than that of the rest of the experimental
setup®". Tensile tests in air proceeded at nominal conditions T = 23°C and relative
humidity 40%. Tensile tests in water were performed at a speed of 1 mm/min.
Samples were maintained immersed in water for at least four hours before starting the
test.
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Figure 4 | Tensile properties of spider silk gut. (a) True stress-true strain curves of spider silk guts tested in water. Both samples were incubated in 1% (v/
v) acetic acid/water solution for either 3 minutes (solid line) or 6 minutes (broken line). The behavior of Nephila inaurata MA silk tested in water, labelled
as MAS, is shown for comparison. (b) Recovery test of spider silk gut. A spider silk gut was subjected to three consecutive steps of stretching in air,

unloading (not shown in the Figure) and maximum supercontraction. The true stress-true strain curves measured after maximum supercontraction are
shown to concur. The third step proceeded until the breaking of the fiber. (c) True stress-true strain curves of spider silk guts prepared under different
conditions. The true stress-true strain curve of a maximum supercontracted Nephila inaurata MA fiber is shown for comparison and labelled as MAS. All
samples incubated for 3 minutes in a 1% (v/v) acetic acid/water solution yield concurring curves with the MAS curve up to the breaking point (solid blue
curves). The curve marked with * corresponds to spider silk gut formed by stretching the gland up to a final strain of 7. Samples incubated for longer
incubation times (6 minutes) showed a greater variability, ranging from curves concurring with those of MAS (dashed curve marked **) to curves

significantly stiffer than that of MAS.

Force-displacement curves were converted into true stress-true strain curves by
using cross-sectional areas calculated from the lateral dimensions obtained from the
optical micrographs assuming a circular cross section. True strain, €, was calculated as
de = dL/L, which leads to the expression € = In(1 + e), where e is engineering strain
defined ase = (L — Ly)/Lo, and Lo and L are the initial and instantaneous length of the
sample, respectively. True strain was calculated as ¢ = F/A, where A is the instant-
aneous area of the fiber. The instantaneous area of the fiber was calculated as A =
AoLy/L from the initial area, A, as obtained from the optical microscope (SEM)
measurements under the constant volume hypothesis*. Since optical micrographs
were taken of the samples before supercontraction, the cross-sectional areas of the

samples after supercontraction were calculated by assuming again that the volume of
the fibers remains constant throughout the supercontraction process™.

However, the large variability of the lateral dimensions of any given sample
requires careful consideration of the area used for conversion of forces into stresses.
Thus, usage of an average diameter on samples with large variations in their cross-
sectional areas implies overestimating the stresses on the thicker sections and
underestimating those in the thinner ones. In contrast, usage of the minimum dia-
meter allows the accurate determination of the stresses exerted on the thinnest sec-
tions which, in turn, corresponds to the maximum stresses exerted on the fiber. Using
the minimum diameter has the drawback of overestimating the stress of the thicker
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portions of the sample which, consequently, implies overestimating the stiffness of the
sample. At the very least, however, it could be argued that true stress-true strain curves
obtained from the minimum value of the cross-sectional area yield an upper limit of the
actual true stress-true strain curves of the material and the correct tensile strength.

The microstructure of spider silk guts processed under distinct conditions was
studied by attenuated total reflection Fourier transform infrared (ATR-FTIR) and X-
ray diffraction (XRD). ATR-FTIR spectra were obtained in the range 550-4000 cm ™
in a Nicolet iS5 FT-IR with ATR module under observation conditions: 64 scans per
spectrum with a resolution of 4 cm™'. XRD was performed at room temperature in a
Bruker Smart 1000 CCD diffractometer by using graphite-monochromated Mo-Ko
radiation (A = 0.71073 A) operating at 50 kV and 30 mA. Each still exposure was
taken with a variable time that ranged from 100 to 800 seconds depending on the
diameter of the fiber. Sample-to-detector distance was calibrated with Si powder
(NIST SRM640d). Patterns with no sample were used as background and subtracted
from the patterns of the fibers. An average of two images was made for each sample. A
region containing the main equatorial reflections (020) and (210) was azimuthally
integrated, resulting in a 1D profile. This profile was fitted with Gaussian functions
for Bragg peaks and a short-range order halo, and a constant value for the residual
background scattering of the sample®.

The position of the Gaussian functions which correspond to the (020) and
(210) reflections were used to calculate the unit cell parameters a and b of the

B-sheet nanocrystals, which correspond to the interchain (hydrogen bonding)
and the intersheet (piling-up of B-sheets) directions, respectively. Calculation
assumed an orthorhombic geometry of the unit cell** and was based on
Bragg’s equation nA = 2dsin0. XRD-patterns were used to calculate the size
of the nanocrystals and fraction of the crystalline phase as explained else-
where*'.
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