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ARTICLE INFO ABSTRACT

Keywords: Dragline silk of Trichonephila spiders has attracted attention in various applications. One of the most fascinating

Pe'ripheral nerve regeneration uses of dragline silk is in nerve regeneration as a luminal filling for nerve guidance conduits. In fact, conduits

z”cfll‘?mp.hﬂa filled with spider silk can measure up to autologous nerve transplantation, but the reasons behind the success of
terilization

Crystallinity silk ﬁbe.rs are not ye.t unc.ierstood. . ' ' 3 . o .

Secondary protein structure In this study dragline fibers of Trichonephila edulis were sterilized with ethanol, UV radiation, and autoclaving

Stiffness and the resulting material properties were characterized with regard to the silk's suitability for nerve regener-
ation. Rat Schwann cells (rSCs) were seeded on these silks in vitro and their migration and proliferation were
investigated as an indication for the fiber's ability to support the growth of nerves. It was found that rSCs migrate
faster on ethanol treated fibers. To elucidate the reasons behind this behavior, the fiber's morphology, surface
chemistry, secondary protein structure, crystallinity, and mechanical properties were studied. The results
demonstrate that the synergy of dragline silk's stiffness and its composition has a crucial effect on the migration
of rSCs. These findings pave the way towards understanding the response of SCs to silk fibers as well as the
targeted production of synthetic alternatives for regenerative medicine applications.

reconstruction of long peripheral nerve injuries is autologous trans-
plantation [10-12]. Although recognized as the current gold-standard,
this method has certain drawbacks such as donor site morbidity,
limited availability, and scar formation [13-15]. An alternative is the
use of nerve guidance conduits (NGCs), which have shown great po-
tential as a viable substitute to autologous transplantation [12,16,17].
Synthetic and natural materials have been investigated for NGCs
[18,19]. However, their performance is still inferior to nerve autografts
for longer defects [16,17]. Hence, approaches have been developed to
introduce luminal fillings such as hydrogels, fibers, and sponges in the
NGCs [16,20]. The augmentation of empty conduits with dragline spider
silk as a fibrous luminal filling has led to promising results [21-23].
Even for larger nerve defects of 60 mm, NGCs filled with dragline silk

1. Introduction

Natural silk biopolymers from spiders and silkworms (Bombyx mori)
have attracted vivid attention due to their unique properties such as
mechanical stability, elasticity, biodegradability, and biocompatibility
[1,2]. Particularly the dragline silk of Trichonephila (T., previously
known as Nephila) spiders has been used in a wide variety of applications
including water collection [3], optical fibers [4], and biomedical devices
[5,6]. In medical applications and tissue engineering, dragline silk's
properties surpass many synthetic and natural materials [7-9]. One of
the unique applications of native dragline fibers in medicine is periph-
eral nerve reconstruction. Currently, the prominent approach for the
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Abbreviations

Con A  Concanavalin A

FB Fibroblast

LCI Live cell imaging

MaSp Major ampullate spidroins
NGC Nerve guidance conduit

SC Schwann cell

SEM Scanning electron microscopy
SRO Short-range order scattering
T. Trichonephila

XRD X-ray diffraction

could measure up to nerve autografts [24]. It has been shown that the
success of dragline fibers can be related to their remarkable support of
Schwann cell (SC) adhesion, movement, and proliferation, as well as
formation of structures similar to bands of Biingner [25]. Additionally,
the secondary protein structure of silk is an important aspect for guiding
of the cells. The comparison of various silks from spiders highlighted
that the silk with a significantly lower fraction of p-sheets conformation
was unsuccessful in guiding SCs, leading to cell agglomerations [26].

Recently, studies have also focused on tailoring the properties of
natural and synthetic silk materials. Hydration was shown to alter the
crystallinity, mechanical properties, and secondary protein structures of
spider and silkworm silks [27-30]. The impact of simple treatment
methods, such as sterilization on structures made of silkworm's fibroin
proteins was investigated with the aim of enhancing the degradation
rate [31-34]. It was observed that ethanol and autoclaving of recom-
binant and regenerated silk-based materials affect secondary protein
structures significantly, increasing the p-sheet content and by that
decreasing the degradation rate. UV radiation could as well impact the
properties of silk depending on the exposure time [35,36].

Spider silk is derived from a non-sterile source, therefore sterilization
is necessary to prevent bacterial and fungal growth [37]. However, the
impact of sterilization methods on silk biopolymers is mostly limited to
regenerated silk fibroins of silkworms. In addition, although spider silk
is a template for the production of advanced materials in nerve regen-
eration, the effect of sterilization on the fiber is not yet systematically
studied. Furthermore, even though the high p-sheet content is firmly
established to be a prerequisite for the use of silks in tissue engineering,
little is known on how the increased p-sheet content after sterilization
affects the synergistic material properties of silk and by that the response
of cells.

Hence, in this work, dragline silk of T. edulis has been sterilized with
ethanol, UV radiation, and autoclaving. These methods were chosen as
previous studies on silkworm fibroins have demonstrated that ethanol
and autoclaving have a significant effect on the protein structures, while
UV radiation hardly affects the silk. Thus, during in vitro studies the UV
silk can be employed as a control for the native fibers, as the unsterilized
silk cannot be used in vitro [37]. Therefore, the effect of various steril-
ization methods on native spider dragline silk can be determined and
insights on the material properties of the fibers supporting nerve
regeneration are provided. In addition, tailoring of silk's functionality by
unambiguous and routine methods such as sterilization could be
achieved.

The dragline silk of T. clavipes is reported to be composed of two core
layers of major ampullate spidroins (MaSp) 1, 2, and 3 [38], and a shell
consisting of a skin, a glycoprotein layer, and an outmost lipid coat
[39,40]. It can be expected that T. edulis has a similar layered
morphology. Each of these five components may affect cell behavior.
Hence, in the current work, material characterization of the silk fibers
spanned over multiple levels, covering a micrometer to nanometer
range. Fiber morphology was studied by scanning electron microscopy
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(SEM) and staining of concanavalin A (con A) protein [39], secondary
protein structures by Raman spectroscopy [41,42], crystallinity by X-ray
diffraction (XRD) [43], and mechanical properties by tensile testing
[44]. In addition, we quantified the response of dragline silk to SCs,
which are crucial for nerve regeneration [45-47]. Rat SCs (rSCs) were
seeded on silk fibers and cultured. The behavior of cells was evaluated
by live cell imaging (LCI) and proliferation assays [25].

2. Materials and methods
2.1. Spider silk harvesting and sterilization

The dragline silk from adult female T. edulis was harvested with a
reeling speed of 8 mm s~! adapting the procedures published in Ref
[48]. The silk was reeled on a 1 cm? frame (stainless steel) with 15 ro-
tations on each axis. For sterilization, commonly used procedures were
used:

— Immersion in ethanol [32,33]: The silk was immersed in 70 %
ethanol for 15 min. Afterwards, they were air-dried for 2 h under
sterile conditions.

— UV radiation [37,49]: The silk was irradiated for 45 min with a Hg
lamp (Osram) emitting UV light at the dominant wavelength of 254
nm and a power of 12 W. All silks were placed at the same distance
from the light source to ensure reproducible radiation.

— Autoclaving [32,48]: The silk was autoclaved with a LABOKLAV
instrument. For this process, air was saturated with water vapor at a
temperature of 121 °C and a pressure of 1 bar. These conditions were
maintained for 15 min followed by cooling to room temperature.
This temperature was chosen, as thermogravic measurements have
shown that heating below 140 °C does not affect the silk significantly
[50].

2.2. Isolation and seeding of rat Schwann cells

Male and female adult Sprague Dawley rats (10-14 weeks of age)
were used as organ donors in this study. The animals were euthanized
according to the Austrian's Animal Testing Law (TVG 2012, §2, 1.c) and
the Article 3 of the Directive 2010/63/EU of the European Parliament
and of the Council on the Protection of Animals Used for Scientific
Purposes [51].

Established protocols were used to isolate and culture rSCs [26,52].
Details on the isolation and culturing conditions can be found in the
supplementary material. rSCs cultures in passages 3-6 (p3-p6) from 5
individual donors (n = 5) were used. 15 x 10* rSCs in a volume of 10 ul
were seeded on suspended dragline silk and kept at 37 °C and 5 % CO
for 1 h. Afterwards, the silk and the silk frames were submerged in
growth medium. The cultures were inspected daily by phase contrast
optical microscopy (NIKON Eclipse Ts2R) for signs of bacterial or fungi
growth.

2.3. Live cell imaging

LCI was started 3 h after seeding of rSCs. For this, an Olympus IX83
microscope with a 10x /0.3 objective was used. A built-in incubator kept
the cells at 37 °C and 5 % CO; during imaging. Every 10 min a phase
contrast micrograph was taken at multiple positions on each condition
for a total of 20 h. Afterwards, the videos were manually evaluated, and
25 rSCs per condition were randomly chosen in the beginning of video
and tracked. A custom evaluation algorithm was devised with Wolfram
Mathematica, allowing the calculation of distances and velocities.
However, as cells could cover large distances on the silk, in multiple
cases the randomly chosen rSCs exited the frame covered by the mi-
croscope objective. Therefore, to allow a conclusive and unbiased
comparison that also takes the faster cells into consideration, only the
rSC velocities were compared between conditions. In this way, the
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values are independent of the total time that a rSC has been tracked. Two
quantities were evaluated in these experiments, the total and the
effective (Euclidean) velocity.

2.4. Immunofluorescence staining and confocal microscopy

After 14 days of cultivation, 10 pM 5-ethynyl-2deoxyuridine (EAU)
was added and the cultures were kept at 37 °C and 5 % CO for 22 h.
Then, immunofluorescence staining of rSCs was performed based on
procedures described elsewhere [25]. The cells were stained for SC
marker S100 and cell marker vimentin. Nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI) solution. The staining procedure is
described in the supplementary material. For quantitative analysis of the
purity and proliferation of rSCs, the cells were manually counted and
assessed. A minimum of 200 cells positive for DAPI (DAPI™) were taken
into consideration. Cells positive for S100 and vimentin (S100"/
vimentin™) were evaluated as rSCs, cells negative for S100 and positive
for vimentin (S100~/vimentin™) as rat fibroblasts (rFB), and rSCs posi-
tive for EQU (S100"/vimentin®/EdU™") as proliferating rSC.

In addition to immunofluorescence staining of rSCs, the silk itself
was also investigated by staining of the con A protein. This protein is
found in the outer parts of dragline silk and can be an indication of the
layered morphology of the fiber [39]. Native silk and the fibers after
sterilization with ethanol, UV radiation, and autoclaving were stained.
Silk fibers in their native form without staining were used to assure the
lack of autofluorescence in the chosen wavelength range of the con A
staining. For staining, all silks were placed in a permeabilization and
blocking solution containing 1x Dulbecco's phosphate-buffered saline
(1x PBS) 1 % bovine serum albumin (BSA, SIGMA), 5 % goat serum (GS,
DAKO) for 30 min. After washing with 1x PBS, they were incubated in 1
mg/ml con A detection solution (Thermo Fisher) in 1x PBS with 1 %
BSA and 1 % GS for 2 h. Afterwards, Fluoromount-G mounting medium
was added, and the silks were stored at 4 °C.

All immunofluorescence images were obtained with a Leica SP8
confocal microscope, using a 20x/0.75 multi-immersion objective.

2.5. Scanning electron microscopy

A Zeiss Supra 55 VP scanning electron microscope was employed,
and the micrographs were obtained with a secondary electron detector
at 107> mbar. The silk was coated with a 10 nm gold layer by means of a
Leica SDCO50 sputter coater equipped with a quartz micro balance to
confirm the layer thickness. The diameter of the silks was evaluated
manually using the image analyzing software Smart TIFF.

2.6. Raman spectroscopy

A WITec alpha 300A micro-Raman device and a 100x /0.9 objective

were used. Measurements were performed on suspended single silk fi-
bers with a frequency doubled Nd:YAG laser at a wavelength of 532 nm,
an average power of 10 mW, and acquisition time of 5 min. The silk
showed no morphological alterations under these conditions. The
spectra were collected in backscatter geometry with a resolution of 2
cm .
The secondary protein structure of dragline silk possesses a direc-
tionality [41,53]. Hence, the molecular orientation was investigated by
recording four polarized spectra: The polarization of the incoming laser
light was oriented either parallel (z) or perpendicular (x) to the long axes
of silk and a polarizer before the detector allowed the detection of
scattered signal also in z and x direction. Hence measurements in xx, Xz,
zx, and zz orientations were acquired. These measurements were per-
formed on three spots of two fibers, leading to six spectra for each
condition. Spectra were corrected for the fluorescent background with a
polynomial function.

Afterwards for each spot, the orientation insensitive spectrum
(isotropic, [iso) was calculated and the quantification of the secondary
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protein structures was performed by spectral decomposition of the
conformation sensitive amide I regions and the side chains (1550-1750
cm 1) of the isotropic spectra [41]. More information on the isotropic
spectra calculation and the spectral decomposition is provided in the
supplementary material.

2.7. X-ray diffraction (XRD)

X-ray nanodiffraction (XRD) was carried out at The European Syn-
chrotron (ESRF, Grenoble, France) at beamline ID 13 with a synchrotron
radiation beam of A = 0.08157 nm wavelength, focused to about 200 nm
spot at the position of single or double silk fibers deposited on X-ray
transparent SigN4 membranes [43]. Mesh-scans were performed normal
to and along the fiber axis with 200 nm x 500 nm step-increments at
ambient conditions. Diffraction patterns were recorded at each step by a
single photon counting pixel detector. More detail about the procedure
can be found in the supplementary material.

Peaks in the XRD patterns were indexed for the p-poly(L-Ala) struc-
ture [54,55] with a doubled a-axis. Bragg peaks and diffuse scattering
(SRO for short-range order scattering) were fitted with Gaussians and
non-linear least squares fitting. Pixels at non-sensitive detector areas
were excluded from the fit. The lattice spacings (d[hkl]) were derived by
azimuthally integrating the data and plotting the corresponding in-
tensity against g (q = 4zsin@A~! = 2zd ™!, where 20 is the Bragg angle, A
is the wavelength, and d is the lattice spacing). The crystalline domain
size along certain (hkl) lattice directions (L[hkI]) was calculated from
the full-width-at-half-maximum of the Gaussian fitted Bragg peaks ac-
cording to Scherrer's Eq. [56]. The degree of crystallinity was calculated
by the total area under the Bragg peaks divided by the sum of the area
under the Bragg peaks and diffuse scattering. The unit cell parameters a
(interchain), b (intersheet), and ¢ (chain direction) of the orthorhombic
poly(L-Ala) structures were calculated based on the reflections (210),
(020), and (002), respectively [57]. The uncertainties were calculated
based on the Gaussian peak fits.

2.8. Tensile testing

The tensile properties of the silk were measured using a FAVIMAT
single fiber testing device from Textechno equipped with a 210 cN load
cell. The gauge length was set to 3 cm, and the tests were performed at a
3 mm min~' speed. Experiments were carried out at 25 °C and 30 %
humidity.

Silk strands were carefully removed from the silk frame and cut with
scissors. To ensure straight suspension of the silk in the device, a clamp
with a weight of 43 mg was attached to one end of the fiber and the silk
was hung vertically between the two grips of the device. After the
measurements, the fibers were inspected by SEM and results for double
silk strands were discarded, leading to eight single fibers measured per
condition. Smart TIFF software was used to measure the diameter the
silk fiber from the SEM images at six points on areas away from fibers'
end to avoid artefacts caused by clamping. Circular cross sections were
assumed and the average diameters were employed for the calculation of
stress from the force values. The elastic modulus (E-modulus) was
determined from the linear region at 0.2 % strain [58]. The breaking
stress and maximum strain at failure were also analyzed.

2.9. Statistical analysis

The data are represented as mean and standard deviations. The
normality of data's distribution was verified by means of quantile-
quantile plots and for the in vitro experiments, a two-way ANOVA
approach allowing the comparison of experimental conditions inde-
pendent of the donors was used [59,60]. For the material character-
ization experiments, an unequal variance t-test was employed for the
statistical evaluation. As the XRD experiments were performed at The
European Synchrotron with limited allocated beam time, not enough
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data points could be measured to justify a statistical analysis. Hence, no
statistical tests were performed for this experiment.

3. Results

The applied methods resulted in sterility of the silks. The growth
media stayed clear, and no presence of fungi or bacteria could be
observed by phase contrast microscopy of the rSC cultures on the silks
during the 14 days of cultivations. Hence, the proliferation and migra-
tion of rSCs could be investigated on the sterilized silks as the unsteril-
ized native fibers cannot be integrated in the in vitro experiments [37].

3.1. Schwann cell purity and proliferation

To determine the extent of cellular proliferation on silk, multicolor
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staining and confocal microscopy were employed. Fig. 1, column 1 and 2
depict the merged and DAPI stainings, respectively. The positive stain-
ing for SC marker S100 (Fig. 1, column 3) together with the small
amount of S100™ /vimentin®t (Fig. 1, column 4) cells indicated the high
purity of rSC cultures on all silks. In fact, no significant differences be-
tween the purity in the conditions and cultures consisting of over 95 %
rSCs were found (Fig. 1d). rSCs proliferated on all fibers (Fig. 1, column
5). The proliferation rates are shown in Fig. 1e. Although there is a trend
of lower proliferation on UV radiated and autoclaved fibers in com-
parison to ethanol treated ones, no statistically significant differences
were detected.

3.2. Schwann cell velocity

LCI was employed to quantify the migration of rSCs on sterilized

# c2 c3
: & 100 pm

- I UV
N autoclaved

25

20

Proliferation rate (%)
o

Fig. 1. Purity and proliferation of rSCs on silk. Inmunostaining micrographs of rSCs on dragline silk of T. edulis sterilized with a) ethanol, b) UV radiation, and c)
autoclaving. Merged channels (column 1), DAPI in blue (column 2), S100 in green (column 3), vimentin in gray (column 4), and EdU proliferation marker in red
(column 5). The quantification d) purity and e) proliferation of the cultures (n = 5). No significant differences between the rSC cultures on the fibers were detected.
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dragline fibers. Fig. 2 a-c depicts the phase contrast micrographs of rSCs
attached to silk fibers. Each image is superimposed with the tracking
results of five cells shown as colored lines. The total velocity of the cells
is significantly higher for the silk sterilized with ethanol in comparison
to the other methods (Fig. 2 d). The UV radiation in turn, supports a
significantly faster movement of rSCs when compared to autoclaving. In
addition, the effective velocity, which defines the change in location is
significantly lower for autoclaved silks in comparison to the ethanol
treated fibers. A diagram depicting the donor dependent effective ve-
locity of rSC on the autoclaved silk in comparison to the ethanol treated
fibers for statistical analysis is shown in supplementary Fig. S1.

3.3. Silk morphology

SEM images revealed the size and morphology of the silks. The mi-
crographs (Fig. 3 a-d) showed no visible morphological changes be-
tween the native dragline and sterilized fibers. All silks showed a smooth
and featureless topography. The diameter of the fibers evaluated from
the SEM images indicated insignificant variations between the sizes
(supplementary Fig. S2). Hence, the sterilization methods did not cause
irreversible shrinkage or expansion of the silk matrix. Similarly, other
silk-inspired materials such as fibroin scaffolds previously described in
literature demonstrated no significant pore size change before and after
sterilization [32].

To further understand the influence of sterilization on the layered
morphology of the fibers, con A staining was employed. This staining
can show the impact of sterilization on the outer layers of spider silk, as
this protein is found in the glycoprotein layer and with a smaller content
in the skin layer [39]. Staining after sterilization showed remarkable
differences. While the significant smaller fluorescence signal after
treatment with ethanol indicates that both the glycoprotein layer and
the skin layer were almost completely removed (Fig. 3 f), both layers are
clearly intact after UV radiation and autoclaving (Fig. 3 g, h). The
observed intense spots, also visible on the native silk, could be due to the
presence of glycoprotein aggregates. This inhomogeneity of the outer
layer of the silk is most likely due to the staining process, as such ag-
gregates were not observed under the electron microscope.

3.4. Secondary protein structure

In order to assess the impact of sterilization on the molecular
structure and conformation of the silk, Raman spectroscopy was per-
formed. Supplementary Fig. S3 depicts the average Raman spectra of
native, as well as treated silks for xx, xz, zx, and zz measurements.
Quantitative evaluation of the peaks can be found in supplementary
material. For the quantification of the secondary protein structures, the
orientation insensitive spectra were calculated from the polarized
spectra as described in supplementary material and shown in Fig. 4 a for
the amide I region. The autoclaved silk has the largest deviation in
comparison to the native silk, while the spectral width of the ethanol
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treated silk is also smaller. Spectral decomposition was performed to
quantify the conformation of the secondary protein structures. An
example of the fitting procedure for the native silk is shown in Fig. 4 b.
The averages and standard deviations for the results of the fits are shown
in Fig. 4 c. Both autoclaving and ethanol treatment increased the B-sheet
content and decreased the content of helices on dragline silk similar to
studies on silk fibroin of silkworm [31-34]. UV radiation, minimally
decreased the content of p-sheets. This insignificant change with radi-
ation is in-line with previous studies [61].

3.5. Ultrastructure

Fig. 5 depicts the XRD results of the dragline fibers in native state and
after sterilization. The black arrow in the diffraction patterns (top row)
shows the direction of the silk's long axis. The dashed black lines enclose
the integration area. The corresponding radial equatorial intensity
profiles and the best fits are depicted in Fig. 5 bottom row. An example
of the meridional intensity profile showing the fit of the (002) Bragg
peak for the native silk is depicted in supplementary Fig. S4.

A combination of the Bragg peaks (hkl indices) corresponding to the
poly(L-Ala) lattice, and SRO scattering ascribed to the glycine-rich do-
mains is noticeable in Fig. 5 [62]. Clear differences between the native
silk fibers and after ethanol treatment and autoclaving are visible.
Indeed, the prominence of (020) Bragg peaks for the ethanol treated and
autoclaved silks can be attributed to a relative reduction in SRO peak
intensity suggesting an increase in crystallinity, which is due to the
higher p-sheets content [63,64]. In addition, the (040) peak is only
clearly visible for the ethanol treated and autoclaved silks. The fibers
exposed to UV radiation on the other hand, appear practically un-
changed in comparison to the native silk.

Table 1 shows the unit cell parameters of the orthorhombic poly(L-
Ala) lattice. The values are in good agreement with previously re-
ported data for Nephila and other orb waving spiders except for a smaller
c-axis parameter for autoclaved silk [62,65].

In accordance with the results of Raman spectroscopy, which showed
an increase in the crystalline B-sheet content for ethanol treated and
autoclaved silks, the degree of crystallinity derived from the XRD
measurements is greater in these two fibers (Fig. 6 a). The crystalline
domain size (L) also shows that in the (020) lattice direction all values of
L are similar to the native fiber, while an increase for ethanol treated and
autoclaved silks in the (210) lattice direction was detected (Fig. 6 c, d).
As the (210) lattice direction is a mixed index of intersheet and inter-
chain direction (see Fig. 6 b), it can be deduced that the change in
domain size of ethanol treated and autoclaved fibers in (210) lattice
direction is mainly caused by a change in interchain direction (since
there is no difference visible in intersheet direction). This means that by
ethanol treatment and autoclaving of the silk the crystalline domains of
B-sheets in interchain lattice direction increased in size. An explanation
could be newly formed hydrogen bonds, reducing the content in amor-
phous domains. Interestingly, although both silks show larger crystalline

1.0
d) | 5% [ ethanol
osl =X [ uv |
’ [ autoclaved

Velocity (um min™)
e g
» o

o
M)

effective velocity
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Fig. 2. Live cell imaging micrographs and velocity. Representative phase contrast images of rSCs on spider silk fibers sterilized with a) ethanol b) UV radiation, and
¢) autoclaving. Each image is superimposed with the tracking results of five cells shown as the colored lines. d) Quantification of rSCs' total and effective velocity after

20 h (n = 5). **: p-value <0.01, ***: p-value <0.001.
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Fig. 3. Scanning electron micrographs of spider silk for a) dragline silk of T. edulis in native state and after sterilization with b) ethanol, ¢) UV radiation, and d)
autoclaving. No significant variation in morphology or diameter was observed. Inmunostaining micrographs of dragline silk of T. edulis stained for con A protein e)
native silk and after sterilization with f) ethanol, g) UV radiation, and h) autoclaving.
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domains in interchain lattice direction, the lattice spacing (d) differs.
Compared to native silk, ethanol treated silk shows a slightly larger
lattice spacing in (020) direction and smaller lattice spacing in (210)
direction, indicative of an increase in lattice spacing by ethanol treat-
ment in intersheet direction and a decrease in lattice spacing in inter-
chain direction. On the other hand, autoclaving of silk only leads to an
increased lattice spacing in intersheet direction and no effect in inter-
chain direction can be observed. The c-axis parameters of native,
ethanol and UV-treated fibers are similar (Table 1) and close to Pauling's
ideal antiparallel p-sheet value of 0.700 nm [66]. The c-axis value for the
autoclaved sample of 0.677 nm is, however, shorter but does not reach
0.650 nm suggested by Pauling&Corey for a parallel-chain packing [66].
There is also no evidence for transition to a parallel chain packing in
Raman spectra. To conclude, ethanol treatment and autoclaving result in
larger crystalline domains in interchain direction and for autoclaved silk
a slightly larger distance between the f-sheets (Fig. 6 e). In case of
ethanol treatment, this also goes hand in hand with slightly more
compact arrangement of the molecular chains (Fig. 6 f). Overall, the
differences in lattice spacing are very small compared to the changes in

crystalline domain size in the corresponding lattice directions (notice
the scale on the y-axes in Fig. 6e and f). Therefore, the largest effect of
the sterilization procedures (ethanol treatment and autoclaving) is likely
to be the increase in size of the crystalline domains in interchain di-
rection as well as the increased crystallinity. UV radiation does not cause
a significant change in crystal structure based on these results.

3.6. Tensile properties

Fig. 7 a depicts the representative stress strain curves of the silks,
while Fig. 7 b-d, show their E-moduli, breaking stress, and strain at
failure, respectively. The mechanical properties showed variabilities,
typical for the native silk fibers [67]. Nevertheless, while the breaking
stress and strain at failure have large variations for each fiber, the E-
moduli are more uniform. In addition, the E-modulus of the native silk is
in good agreement with previous experiments on T. edulis fibers, inde-
pendent of the different reeling speed, relative humidity, and mea-
surement specifications while breaking stress is lower [58,68,69]. The E-
modulus is a materials property less dependent on material flaws,
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Table 1
Unit cell parameters for the orthorhombic poly(L-Ala) lattice.

Interchain, a (nm) Intersheet, b (nm) Chain direction, ¢ (nm)

Native 0.964 + 0.001 1.037 4+ 0.004 0.685 + 0.001
Ethanol 0.953 + 0.001 1.038 £ 0.002 0.682 + 0.001
uv 0.967 + 0.002 1.029 + 0.006 0.686 + 0.0005
Autoclaved 0.962 + 0.001 1.053 £+ 0.002 0.677 + 0.001

including those introduced by handling of the fibers. However, the lower
breaking stress can be explained by these defects. The silk fibers were
reeled throughout this study on the same frames to allow the correlation
between in vitro studies and material characterizations. The rectangular
shape of the frames necessary for the in vitro experiments could intro-
duce flaws, especially kinks, in the fiber, reducing its breaking strength.

The fiber modulus increased after autoclaving as visible in Fig. 7b.
Similar findings were reported for compression modulus of autoclaved
scaffolds fabricated from the silk fibroin of Bombyx mori [32,34]. As E-
modulus is dependent on the crystallinity [70], the higher modulus
values for the autoclaved silk are in-line with the Raman results, dis-
playing the largest increase in p-sheet content for the autoclaved fibers.
In contrast, no clear trend was found in breaking stress or maximum
strain of the sterilized fibers in comparison to the native silk.

4. Discussion

In search for the optimum luminal filling for NGCs, the success of the
dragline silk of spider genus Trichonephila was confirmed [24,71]. In
fact, the dragline fibers were capable of bridging a critical length gap of
60 mm, which has not been achieved with other materials [72]. For the
use in biomedical applications, a crucial part is the sterilization of bio-
polymers, whether native or recombinant [37]. Previous studies have
mostly focused on the effect of various sterilization methods on degra-
dation rates of silk-inspired materials and less on relating the material
properties after sterilization to the cell response. The motivation is that,
by elucidating the underlying mechanisms leading to the successful
support of cells by spider silk, design of silk-inspired materials with
specific properties leading to desired cellular response will be possible.

These properties certainly have to be investigated for the intended
function of the biomaterial for a specific cell type [33]. Hence, in this
work, established parameters of velocity and proliferation rate of SCs on
silk were used as indications for the suitability of sterilization methods
(treatment with ethanol, UV radiation, and autoclaving) in nerve
regeneration applications [25].

All sterilized fibers in this study were successful in guiding rSCs and
no visible differences in cell alignment along the fibers were observed. In
addition, the cells proliferated on all silks with some minor but not
significant variations between the conditions. Nevertheless, rSCs were
faster and moved further on ethanol treated fibers in comparison to
autoclaved ones. On UV radiated fibers, the cells were slower than
ethanol treated silk but faster than rSCs on the autoclaved fibers.

For elucidating the reasons for the different velocities, silks' topog-
raphy was investigated as it is an essential factor in cell attachment,
alignment, migration, and growth [73-77]. SC movement is especially
sensitive to substrate morphology and it has been shown that electro-
spun gelatin fibers with larger diameters lead to higher effective ve-
locities of SCs [78]. However, the size and roughness of the silks in our
study were comparable based on the SEM data, and an effect of these
parameters on rSC velocity can be excluded.

Secondary protein structures strongly affect the mechanical proper-
ties of silk fibers. Crystalline p-sheets contribute to the fiber's tensile
strength, while the amorphous matrix of helical structures, as well as
B-turns result in the fiber's extensibility [41,79]. The decomposition of
the orientation insensitive Raman spectra enabled us to conclude that
UV radiation hardly affected the secondary protein structures. However,
both ethanol treatment and autoclaving increased the B-sheets content
in comparison to the native dragline silk. Hence, the faster movement of
rSCs on ethanol treated fibers in comparison to autoclaved ones cannot
be solely attributed to the increase in p-sheets content (which was
observed for both, ethanol and autoclave treatment) and may be related
to other aspects. The XRD data in our study demonstrated differences in
the ultrastructure of the fibers. While both ethanol treatment and
autoclaving led to larger crystalline domains in-line with Raman spec-
troscopy results, as well as larger lattice distances in the interchain di-
rection, the molecular chain of p-sheets were slightly compacter in
ethanol treated fibers, which may also affect the mechanical properties.
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Tensile tests demonstrated that the autoclaved silk was significantly
stiffer than the other three fibers, which could be explained by the
highest content of crystalline p-sheets as seen by Raman spectroscopy.
This could be the reason for the slower migration of rSCs on autoclaved
silk as SCs are strongly mechanoreceptive and stiffness variations affect
their velocity [80,81]. However, the stiffness of ethanol treated fibers
and those exposed to UV radiation were similar, yet rSCs on fibers
submerged in ethanol had a higher total velocity and a similar effective
velocity as the UV radiated ones.

Hence, other effects such as surface chemistry cannot be excluded. It
is of-note, that the effect of the outer layers of dragline silk on cells has
never been investigated before this study. The staining of con A protein,
present in the skin and glycoprotein layers of silk fibers showed that
ethanol treatment mostly removes both these layers, as the con A protein
was barely detected by staining. It is unlikely that SC migration is
directly affected by this removal, as the migration is shown to be
affected by myelin-associated glycoproteins [82] and not the glycopro-
teins related to spidroins which are found in dragline silk [39]. In
addition, the missing outer layers do not affect the stiffness of fibers
either, which is also in-line with previous studies [83]. Nevertheless, the
partial removal of these layers may indirectly impact the rSC migration,
as it allows better access of the cells to the core layer of the silk con-
taining the MaSp proteins. It is believed, that the Gly-Arg-Gly-Gly-Leu
motif in MaSp1, which is a binding sequence for neural cell adhesion
molecules is crucial for the support of nerve regeneration by spider silk
[84]. Hence, more contact to the core layer could be responsible for the
faster movement of rSCs on ethanol treated silk, as they are in direct
contact with the Gly-Arg-Gly-Gly-Leu motif.

Based on this comprehensive study our interpretation is that not one
property, but a synergy of multiple characteristics of spider silk sub-
strates governs the migration of rSCs. The removal of skin and glyco-
protein layers together with the stiffness of fibers are found to be the
major aspects of SCs-dragline silk interactions. The significant higher
stiffness of the autoclaved silk and the removal of the shell layer of the
ethanol treated fibers, giving access to the inner layers, could be ex-
pected to have caused the high migration velocity of rSCs on the latter.
These results are encouraging for the field of recombinant silk, as the
outer layers of dragline silk are not present when producing synthetic
silk fibers. Our findings show that these layers are in fact not necessary
and a fiber comparably successful as the natural silk in nerve regener-
ation can be produced as long as the other necessary material charac-
teristics to sustain SCs proliferation and migration are met.

5. Conclusions

In this work, the reasons behind the success of dragline silk of spider
T. edulis in supporting rSCs were investigated. The fibers were sterilized
and compared based on their material properties and the ability to
support rSCs. The results demonstrated that rSCs had similar purity and
proliferation rates on all silks. However, they had a higher total and
effective velocity on ethanol treated dragline fibers and were slowest on
autoclaved ones. While the silk's size after sterilization remained prac-
tically the same as the native fibers, the p-sheet content and thus the
crystallinity of the dragline silk increased significantly for the ethanol
treated and autoclaved fibers. The stiffness was also found to be highest
for the autoclaved silk. In addition, the treatment with ethanol led to an
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almost complete removal of the outer layers of the silk, giving the cells
better access to the fiber's core. Hence, it is suggested that the higher
stiffness of the autoclaved silk slowed down rSCs, while the removal of
glycoprotein and skin layers of the silk positively affected the faster
migration and directionality of rSCs. The results provide essential in-
sights that can be used for targeted production of tailored silk-based
materials specifically for nerve regeneration applications.
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Additional details for SC isolation, velocity, and staining, Raman
spectroscopy, SEM, and XRD.
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