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Abstract
The search for a suitable material to promote regeneration after long-distance pe-
ripheral nerve defects turned the spotlight on spider silk. Nerve conduits enriched 
with native spider silk fibers as internal guiding structures previously demon-
strated a regenerative outcome similar to autologous nerve grafts in animal studies. 
Nevertheless, spider silk is a natural material with associated limitations for clinical 
use. A promising alternative is the production of recombinant silk fibers that should 
mimic the outstanding properties of their native counterpart. However, in vitro data 
on the regenerative features that native silk fibers provide for cells involved in nerve 
regeneration are scarce. Thus, there is a lack of reference parameters to evaluate 
whether recombinant silk fiber candidates will be eligible for nerve repair in vivo. 
To gain insight into the regenerative effect of native spider silk, our study aims to 
define the behavioral response of primary Schwann cells (SCs), nerve-associated 
fibroblasts (FBs), and dorsal root ganglion (DRG) neurons cultured on native dra-
gline silk from the genus Nephila and on laminin coated dishes. The established 
multi-color immunostaining panels together with confocal microscopy and live cell 
imaging enabled the analysis of cell identity, morphology, proliferation, and migra-
tion on both substrates in detail. Our findings demonstrated that native spider silk 
rivals laminin coating as it allowed attachment and proliferation and supported the 
characteristic behavior of all tested cell types. Axonal out-growth of DRG neurons 
occurred along longitudinally aligned SCs that formed sustained bundled structures 
resembling Bungner bands present in regenerating nerves. The migration of SCs 
along the silk fibers achieved the reported distance of regenerating axons of about 
1 mm per day, but lacked directionality. Furthermore, rFBs significantly reduced the 
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1 |  INTRODUCTION

Successful restoration of nerve function after peripheral 
nerve injuries (PNIs) remains one of the biggest challenges 
in regenerative medicine.1-5 Despite continuous efforts to im-
prove recovery by surgical techniques and physiotherapeu-
tic measures, follow-up surgeries and residual manifestation 
of nerve dysfunction severely impair the patients’ quality of 
life.6

Remarkably, the peripheral nervous system is capable to 
self-regenerate after minor PNIs, such as crush injuries, when 
most of the nerves’ connective tissue remains intact.7 This 
regenerative potential is attributed to Schwann cells (SCs), 
which are able to adapt a specialized repair phenotype after 
PNI.8 Repair SCs acquire specific functions that are essential 
for the multi-step process of nerve regeneration such as the 
removal of myelin debris, the attraction of immune cells, and 
neurotrophic support for injured axons.9-12 In addition, re-
pair SCs proliferate and align within their basal lamina tube, 
surrounding each SC-axon unit, to form Bungner bands.11,13 
These regeneration tracks are important for nerve repair as 
they provide neuritogenic cues and orientation for re-growing 
axons.11 Severe PNIs including nerve transection or tissue 
loss disrupt the nervous architecture and usually exceed the 
peripheral nervous systems’ inherent regenerative capabili-
ties. Then, SCs face the challenge of directing axons without 
the guidance of their basal lamina tubes, which commonly 
results in disorganized axon sprouting, neuroma formation, 
and pain. As a consequence, the distal nerve end experiences 
long-term denervation leading to target organ atrophy and 
functional loss.14-16

In order to treat severe PNIs, different surgical procedures 
have been established.17 A straight transection usually allows 
tension free end-to-end nerve coaptation.18 The current gold 
standard to replace lost nerve tissue is the transplantation of 
an autologous nerve graft.17,19,20 However, the excision of 
autologous nerve tissue entails functional loss of the inner-
vated donor site and bares a considerable risk of donor site 
morbidity.21,22 Thus, research has provided other strategies 
to repair severely damaged nerves.23,24 A tempting alterna-
tive to obviate the need for nerve autografts are off-the-shelf 

available artificial nerve conduits. These hollow tubes mimic 
the nerves outermost layer, the epineurium, and offer a sim-
ple guiding channel for the regenerating nerve and protec-
tion from scar tissue-forming fibroblasts.25 Remarkable 
advances in the field of tissue engineering led to the devel-
opment of a variety of nerve conduits.3,23,26,27 Many of them 
achieved regenerative effects comparable to nerve auto-
grafts in short-distance nerve gaps of 1-3 cm,28,29 however, 
they are still inferior to the autograft in large-distance nerve 
gaps > 3 cm.28,30,31 Long hollow conduits may collapse or fail 
to assist the re-growing nerve due to the lack of a nervous ar-
chitecture that usually provides optimal conditions for nerve 
recovery in form of cells, signaling molecules, and the extra-
cellular matrix (ECM).32,33 Hence, a promising approach to 
enhance the performance of artificial nerve conduits is their 
enrichment with an internal framework that (a) improves the 
microenvironment by neuritogenic and neurotrophic support, 
(b) promotes the survival and regenerative functions of cells, 
and (c) offers orientation and guidance for the re-growing 
nerve.33-35 The ideal material should be biocompatible, resil-
ient, biodegradable, and, importantly, allow cell attachment, 
migration, and proliferation.36 Both synthetic and biological 
materials have found their use in nerve tissue engineering. 
They include luminal fillers such as hydrogel-forming matri-
ces, and internal guiding structures such as micro-channels or 
longitudinally aligned filaments.27,35,37,38 However, synthetic 
polymers often lack elasticity, poorly integrate into the na-
tive tissue, which is linked to chronic inflammation, tissue 
fibrosis, and scarring that result in a physical barrier for re-
generating axons.39-42 The material inserted into the lumen 
of nerve conduits should, thus, prevent a fibrous tissue re-
action evoked by immune cells and a deregulated fibroblast 
activation characterized by proliferation and extensive ECM 
deposition.43,44 Natural polymers provide biological binding 
sites for cells and show superior biocompatibility and biode-
gradability,45 but their clinical use is hampered by their rel-
ative expense, degradation kinetics, and limited mechanical 
properties.46

Previous studies have investigated the application of 
silks in nerve regeneration due to their superior mechanical 
properties.40,47-50 First experiments involved the cocoon silk 

velocity of rSCs in co-cultures on silk fibers. In summary, this study (a) reveals fea-
tures recombinant silk must possess and what modifications or combinations could be 
useful for enhanced nerve repair and (b) provides assays to evaluate the regenerative 
performance of silk fibers in vitro before being applied as internal guiding structure 
in nerve conduits in vivo.
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produced by the larvae of the domestic silk moth Bombyx 
mori that is composed of two major proteins, fibroin, and 
sericin.51 However, a prerequisite for its use is the com-
plete removal of sericin, also called degumming, as sericin 
was reported to elicit an inflammatory response in vivo.52,53 
Therefore, research focused on spider silks that evolved in-
dependently from insects and possess advantageous proper-
ties.54 Most studies utilized the dragline silk fiber of the genus 
Nephila40,47-50 that is mainly composed of spidroin proteins.55 
In contrast to Bombyx mori cocoon silk, the spiders’ dragline 
silk lacks the sericin protein, which omits the need for a de-
gumming procedure. First in vitro studies demonstrated that 
spider silk fibers allow the adhesion and distribution of SCs, 
neuronal NT2 cells, and NIH/3T3 fibroblasts.48,56,57 When 
used in vivo, spider silk hardly provoked an immune response 
and showed long-term degradability.40,58 Remarkably, decel-
lularized veins enriched with longitudinally aligned spider 
silk fibers resulted in a regenerative outcome similar to au-
tologous graft controls after long-distance nerve defects in 
rats and sheep.47,59 These findings indicate spider silk fibers 
as intriguing internal guiding material to improve artificial 
conduits for the treatment of critical nerve defects.

Nevertheless, the clinical use of native spider silk is re-
stricted by its limited availability, time-consuming harvest 
and, as every biological material, variability.46,60 With re-
spect to future biomedical applications, current research is 
focusing on the controlled production of silk fibers, for ex-
ample, derived from recombinant silk proteins.60-64 The ulti-
mate goal is to create a recombinant silk fiber that emulates 
the peerless properties of its native counterpart. Recombinant 
silk shall not only possess the unique material characteristics, 
but also show the same (or superior) effect on cells. Previous 
studies suggest different methods to analyze the behavior of 
cells to silk fibers57,63,65-67 or silk-based materials68,69 in vitro. 
However, quantitative and qualitative read-outs designed to 
assess the biological response of cells to silk fibers concern-
ing nerve tissue regeneration are scarce. Thus, the features 
recombinant silk should exhibit before being considered for 
nerve repair remain insufficiently described.

To accelerate the implementation of recombinant silk 
fibers as internal guiding structure for nerve conduits, it is 
important to first understand how native spider silk supports 
the regeneration of nerves. Herein, we set out to analyze and 
quantify the regenerative effects that native spider silk ex-
erts on cells involved in nerve repair in vitro and provide a 
basis for the future production of recombinant silk. In detail, 
we evaluated to which extent native spider silk replaces the 
function of the ECM, whose components build structural and 
informative support important for cellular adhesion, prolifer-
ation, and migration during nerve regeneration. The effective 
re-growth of injured axons is essential and primarily depen-
dent on the intimate contact to SCs, their key interaction part-
ners.11,12,70 Moreover, nerve-associated fibroblasts (FBs) can 

positively influence SC behavior,71,72 and also impede nerve 
regeneration by fibrotic tissue formation.43,73 Therefore, we 
established nerve repair-relevant assays using multi-color 
immunofluorescence, confocal microscopy, and live cell 
imaging to comprehensively characterize the biological be-
havior of primary SCs, nerve-associated fibroblasts FBs, as 
well as dorsal root ganglion (DRG) neurons cultured on na-
tive Nephila dragline silk fiber meshes or on laminin, a major 
component of the basal lamina. Our results provide insight 
into the individual cellular response to native spider silk fi-
bers and facilitate to adjust the properties of recombinant silk 
fibers to the needs of regenerating nerves.

2 |  MATERIALS AND METHODS

2.1 | Animals

Rats: For this study, outbred Sprague-Dawley rats (stock 
Him:OFA) were used. Sciatic nerve tissue and dorsal root 
ganglia (DRG) were harvested from female and male adult 
rat cadavers for Schwann cell (rSC), fibroblast (rFB), and 
rDRG neuron isolation. The sacrifice of animals was con-
ducted in compliance with the Austrian's Animal Testing 
Law (TVG 2012, §2, 1.c) and 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.74

Spiders: Spiders of the species Nephila edulis were kept 
individually in glass terraria at about 25°C and 60%-80% 
humidity. Webs were sprayed with water every day and the 
spiders were fed crickets (Acheta domesticus) twice a week.

2.2 | Dragline silk harvest

Harvesting of the dragline silk fibers from the major am-
pullate gland of adult female spiders was performed as de-
scribed before.58 The fibers were arranged in a crisscross 
pattern around weaving metal frames of about 1x1 cm2 that 
were bent from stainless steel wire (Remanium, Ø 0.70 mm) 
using Aderer three jaw pliers (DENTAURUM). Before cell 
seeding, the silk frames were sterilized in 70% ethanol for 
10 minutes and left to dry for at least 30 minutes.

2.3 | Isolation and culture of rSCs and rFBs

Primary rSC and rFB cultures: Excised rat sciatic nerves 
were washed in 1× Dulbecco's Phosphate-Buffered 
Saline (1× PBS, GIBCO) + 1% antibiotic-antimycotic 
(ThermoFisher). The following procedure was performed 
according to previous studies with some modifications.75,76 
Briefly, the collected nerve fascicles were digested 
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overnight in MEM∝ (GIBCO) supplemented with 10% fetal 
calf serum (FCS, LINARIS), 1% Penicillin-Streptomycin 
(P/S, GIBCO), 1% Sodium Pyruvate Solution (GIBCO), 
2.5% 4-(2escribed.12,76 Briefly, the nerve digest was seeded 
on 0.01% poly-L-lysine hydrobromide (PLL) (SIGMA-
Aldrich) and 4 µg/mL laminin (SIGMA) coated dishes in 
culture medium consisting of MEM ∝ supplemented with 
1% P/S, 1% Sodium Pyruvate Solution, 2.5% HEPES, 
0.5% N-2 Supplement (GIBCO), 2 μM forskolin (SIGMA-
Aldrich), 10 ng/mL recombinant Heregulinβ-1 (PeproTech), 
10  ng/mL recombinant FGF-basic (PeproTech), 5  ng/mL  
PDGF- AA (PeproTech), and 5% FCS. Medium was 
changed three times a week. To separate rFBs from rSCs, 
we took advantage of the different adhesion properties of 
SCs and FBs and used the two-step enrichment procedure 
esta-hydroxyethyl)-1-piperazineethanesulfonic acid buffer 
solution (HEPES, SIGMA), 0.125% (w/v) collagenase type 
IV (GIBCO), 1.25 U/mL Dispase II (Sigma-Aldrich) and 
3 mM Calcium chloride (Merck) at 37°C and 5% CO2. rSCs 
and rFBs were isolated according to an adapted protocol as 
previously dblished by Weiss et al76 resulting in a culture 
purity of about 95%. rFBs were cultured in in MEM ∝ sup-
plemented with 10% FCS, 1% P/S, 1% Sodium Pyruvate 
Solution, and 2.5% HEPES on uncoated dishes. rSCs were 
passaged upon reaching 80%-90% confluency, rFBs were 
passaged upon reaching about 80% confluency. rSC and 
rFB cultures from passage 2 (p2) but not higher than p6 
were used for experimentation.

Primary rDRG neuron cultures: For isolation of rDRGs, 
the rat spinal cord was exposed using a Liston bone cutting 
forceps. The lumbar DRG pairs (L1-L6) were excised, trans-
ferred to 1xPBS with 1% P/S and transported on ice. The 
isolation and culture of rDRG neurons was performed using 
an adapted protocol based on previous studies.77,78 Under the 
laminar flow hood, the rDRGs were cut into small pieces 
and digested with the same digestion solution as used for the 
nerve fascicle tissue (see above). On the next day, the rDRG 
digest was centrifuged at 200g for 5 minutes and resuspended 
in 1  mL Neurobasal-A medium (GIBCO). Then, the DRG 
solution was carefully put on 1 mL of 20% Percoll solution 
(Merck) followed by centrifugation at 450g for 8 minutes. The 
pellet was then cautiously washed with 1 mL Neurobasal-A 
medium and centrifuged at 1230 g for 2 minutes. Finally, the 
pellet was resuspended in 1 mL rDRG culture medium consist-
ing of Neurobasal-A medium supplemented with 10 ng/mL  
recombinant NGF (Invitrogen), 1× B27 supplement 
(Invitrogen), 2mM L-glutamine (Invitrogen), and 1% P/S. 
rDRG neurons were cultured on 0.01% poly-D-lysine (PDL, 
Sigma-Aldrich) and 4 µg/mL laminin coated dishes. The me-
dium was changed three times a week.

Phase contrast images of rSC, rFB, and rDRG neuron 
cultures were regularly taken with a benchtop microscope 
(NIKON Eclipse Ts2R).

For marker expression analysis via immunofluorescence, 
0.8  ×  104 rSCs, 0.8  ×  104 rFBs and about 50 rDRG neu-
rons were grown in 8-well chambers (ibidi). To compare the 
growth of rSCs on silk versus controls, 1.5 × 104 rSCs were 
seeded onto a spider silk mesh and a PLL/laminin coated 
2-well chamber (ibidi). To compare the growth of rFBs on 
silk versus controls, 1.5 × 104 rFBs were seeded onto a spider 
silk mesh and a PLL/laminin coated 2-well chamber. Note 
that cultures on PLL/laminin were subcultured upon reach-
ing 80%-90% confluency, while cultures on silk were not. To 
compare the growth of rDRG on silk versus controls, about 
50 rDRGs were seeded onto a spider silk mesh and a PDL/
laminin coated 2-well chamber. The cultures were monitored 
for 20-30 days.

2.4 | Proliferation assay

For the proliferation assay, 10 µM 5-ethynyl-2'deoxyuridine 
(EdU, Invitrogen) was added to the cultures and incubated 
for 20 hours. EdU is a thymidine analog that is incorporated 
into DNA during the S-Phase of the cell cycle. Via covalent 
cross-linking of a fluorescent azide to EdU (click-reaction) 
newly synthesized DNA can be visualized. EdU detection 
was performed after the immunofluorescence staining pro-
cedure (see below) using Click-iT Plus EdU Alexa Fluor 
555 imaging kit (Invitrogen) according to the manufacturer's 
protocol.

2.5 | Immunofluorescence staining analysis

All antibody details are listed in Table S1. The procedure 
was carried out at RT unless otherwise noted. Washing 
was performed twice after each incubation step, except 
blocking, with 1×PBS for 5  minutes. Cells were washed 
and fixed with 4.5% formaldehyde solution (SAV Liquid 
Production GmbH) for 20 minutes. The rSC characteriza-
tion staining panels included (a) S100, vimentin (VIME) 
and DAPI, (b) S100, SOX10, and DAPI and (c) NGFR, 
THY1, and DAPI. The rFB characterization staining panel 
included NGFR, THY1 and DAPI. The SC proliferation 
staining panel included S100, VIME, EdU and DAPI. The 
rFB proliferation staining panels included THY1, NGFR, 
EdU, and DAPI. For staining of membrane bound sur-
face proteins, cells were treated with a blocking solution 
consisting of 1  × PBS containing 1% BSA and 5% goat 
serum (DAKO) for 30 minutes. The cells were then incu-
bated with the respective primary antibodies in 1  ×  PBS 
containing 1% BSA and 1% goat serum followed by wash-
ing and incubation with the corresponding secondary 
antibodies. For staining of intracellular proteins, block-
ing and permeabilization was performed with 1  ×  PBS 
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containing 1% BSA, 0.3% TritonX-100 (SIGMA) and 
5% goat serum for 10 minutes. The cells were then incu-
bated with the respective primary antibodies in 1 × PBS 
containing 1% BSA, 0.1% TritonX-100 (SIGMA) and 1% 
goat serum followed by washing and incubation with the 
corresponding secondary antibodies. EdU detection was 
performed according to the manufacturer's protocol. For 
DNA staining, 1  ×  PBS  +  50  μg/mL 4',6-Diamidino-2-
Phenylindole (DAPI, ThermoScientific) was added to the 
cells for 10 minutes. FluoromountG (Invitrogen) was used 
as mounting medium. The stained cells can be stored at 4°C 
for up to 2 weeks. Pictures of stained cells were taken using 
a laser scanning confocal microscope (LEICA SP8X).

2.6 | Manual counting of cells

For the quantification of (proliferating) rSCs and rFBs, the 
CellCounter plugin of ImageJ 1.47 (http://imagej.nih.gov/
ij/) was used. At least 300 DAPI+ nuclei were counted per 
experimental condition, and burst nuclei and nuclei cut by 
the image boarder were excluded, which resulted in the 
total number of real cells. In the rSC culture, S100+/VIME+ 
rSCs and S100+/VIME+/EdU+ proliferating rSCs as well as 
S100−/VIME− rFBs, S100−/VIME+/EdU+ proliferating rFBs 
were determined. In the rFB cultures, THY1+/NGFR− rFBs, 
THY1+/NGFR−/EdU+ proliferating rFBs as well as THY1−/
NGFR+ rSCs and THY1−/NGFR+/EdU+ proliferating rSCs 
were determined.

2.7 | Live cell imaging

For live cell imaging, 2-well chamber slides (Ibidi) were 
used. Therefore, 1.5  ×  104 rSCs or 1.5  ×  104 rFBs were 
seeded in a PLL/laminin coated 2-well chamber and on 
a spider silk mesh placed in the other, uncoated 2-well 
chamber. To discriminate rSCs from rFBs in co-cultures on 
silk, the rFBs were labeled with PKH67 (Sigma-Aldrich) 
according to the manufacturer's protocol and 13.5  ×  102 
rSCs  +  1.5  ×  102 PKH67-labeled rFBs were pooled and 
seeded per spider silk mesh. One hour after seeding, live 
cell imaging was performed using an Olympus IX83 mi-
croscope equipped with cellSens live cell imaging software 
(Olympus Corporation). A phase contrast and a fluores-
cence picture of three sections per condition were taken 
every ten minutes for 22  hours. The generated videos 
and.tiff stacks were analyzed with ImageJ. The Manual 
Tracking plugin was used to manually track 20 rSCs and 
20 rFBs per condition throughout the 132 pictures. To 
prevent a biased picking of cells for analysis, the tracked 
cells were randomly chosen before the video was evalu-
ated. Afterward, the results were evaluated with the ibidi 

Chemotaxis and Migration Tool, which allowed the cal-
culation of the mean velocity in μm/min and the distance 
covered by each cell in μm.

2.8 | Statistical analysis

Data were logarithmized and the significance of differences 
of velocity, distance, purity, and proliferation values between 
experimental conditions (CTRL, silk, and silk co-culture) 
were estimated with R-package multcomp 1.4-1279 using a 
two-way ANOVA approach followed by Tukey all-pair com-
parisons between group means, correcting for the informa-
tion of the individual cell donors. Two-way ANOVA allows 
the estimation of the impact of two different categorical inde-
pendent variables on one continuous dependent variable, in 
this case the impact of the experimental condition and the cell 
donors on the velocity, distance, purity, or proliferation, thus, 
showing the differences between the individual experimental 
conditions independent of the cell donors. The data are de-
picted as single values for each donor ± SD using GraphPad 
Prism 8.

3 |  RESULTS

3.1 | Establishment and characterization of 
rSC, rFB, and rDRG neuron cultures

In order to generate primary rSC and rFB cultures for ex-
perimentation, the following culture procedure was estab-
lished. The sciatic nerve tissue was digested and seeded 
on PLL/laminin coated dishes. Two days after seeding, 
cell outgrowth was visible and passage 0 (p0) cultures 
contained rSCs with typical bi- to multi-polar extensions 
(Figure 1A, arrows) as well as rFBs recognized by a more 
spread and flattened morphology (Figure 1A, arrowheads). 
When p0 cultures reached a confluency of about 70%-
80%, rSCs were separated from rFBs by exploiting their 
different adhesion properties to plastic.12 30 minutes after 
plating detached p0 cells on uncoated culture dishes, most 
rFBs already adhered (Figure 1B, arrowheads) while rSCs 
remained in suspension (Figure 1B, arrows). The floating 
rSCs were harvested and seeded on PLL/laminin culture 
dishes. The attached rFBs were further cultured in the un-
coated dishes. This procedure enabled to achieve highly 
enriched rSC (Figure  1C) and rFB (Figure  1D) cultures 
of  >95% purity.75,76 To receive primary cultures of sen-
sory neurons, excised rDRGs were digested and the cell 
suspension (Figure 1E) was grown on PDL/laminin coated 
dishes. The p0 rDRG cultures consisted of rDRG neurons 
(Figure  1F, arrowhead), rSCs (Figure  1F, arrow) as well 
as rFBs and neurite outgrowth was observed 1  day after 

http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
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seeding. After 3 days in culture, rDRG neurons had formed 
a network of axonal processes with several branches ac-
companied by rSCs (Figure 1G).

The established rSC, rFB, and rDRG neuron cultures 
were then characterized by the expression of associated 
markers using immunostainings. To discriminate the differ-
ent cell types present within the respective cultures, multi-
color staining panels were developed. Confocal imaging of 
rSC cultures illustrated a high culture purity determined 
by the expression of the SC-typic calcium binding protein 
S100, while both rSCs and rFBs were positive for the inter-
mediate filament vimentin (VIME) (Figure  2A). Another 

SC-specific marker upregulated in cultured rSCs is NGFR 
(low affinity nerve growth factor receptor, also known as 
p75NTR), which showed a strong membranous staining on 
rSCs (Figure  2B). Accordingly, rFBs were negative for 
NGFR but expressed the FB-associated marker THY1 on 
their cell membrane (Figure  2B). Immunostainings con-
firmed that the enrichment procedure resulted in a predom-
inant THY1 positive (THY1+) rFB population (Figure 2C). 
Furthermore, rDRG neuron cell bodies and their branched 
processes showed strong staining signals for β-3-tubulin 
(TUJ1), a major constituent of microtubules important 
for axon guidance and maintenance (Figure  2D). rDRG 

F I G U R E  1  Establishment of rSC, rFB, and rDRG neuron cultures. Representative phase contrast images illustrating the culture and 
enrichment of rSCs and rFBs (A-D) and the culture of rDRGs (E-G). A, A passage 0 (p0) nerve culture consisting of rSCs and rFBs at day 2 after 
seeding. The distinct morphology between SCs (arrows) and FBs (arrowheads) is evident. B, An uncoated culture dish 30 minutes after plating of 
p0 cultures with adhered rFBs (arrowheads) and floating rSCs (arrows). C, Enriched p1 rSC culture grown on PLL/laminin with typical bi- to tri-
polar extensions. D, An enriched culture of rFBs with typical flattened morphology. E, Digested rDRGs with prominent rDRG neuron cell bodies 
(arrowhead) and myelin debris (arrow). F,G, p0 rDRG culture grown on PDL/laminin with visible rDRG neurons (arrowhead) and rSCs (arrow) at 
day 1 (F) and day 3 (G) after seeding
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cultures also contained S100 positive (S100+) rSCs that pri-
marily co-localized with the axonal processes (Figure 2D). 
These results demonstrate the successful establishment of 
rSC, rFB, and rDRG neuron cultures alongside with cell 
type-specific multi-color immunostaining panels suitable 
for the following behavioral studies on native spider silk 
fibers.

3.2 | Morphological analysis of rSC, 
rFB, and rDRG cultures on different substrates 
supported native spider silk as favorable 
growth substrate

Next, the growth of rSCs, rFBs, and rDRGs cultured on (a) 
uncoated dishes, (b) their preferred coating, and (c) dragline 

F I G U R E  2  Qualitative characterization of rSC, rFB, and rDRG neuron cultures. Representative immunofluorescence (IF) images of rSC 
cultures (A-B), rFB cultures (C), and rDRG cultures (D) illustrating the successful establishment of cell-specific staining panels. A, IF staining 
results for rSC cultures with merged channels (A1) and single channels for SC marker S100 in green (A2), VIME in grey (A3) and DAPI positive 
cell nuclei in blue (A4); arrowheads indicate a S100−/VIME+ rFB. B, IF staining results for rSC cultures with merged channels (B1) and single 
channels for SC marker NGFR in magenta (B2), FB marker THY1 in cyan (B3) and DAPI in grey (B4); arrowheads indicate a NGFR−/THY1+ 
rFB. C, IF staining results for rFB cultures with merged channels (C1) and single channels for NGFR in magenta (C2), THY1 in cyan (C3) and 
DAPI in grey (C4); arrows indicate a NGFR+/THY1−rSC. D, IF staining results for a rDRG neuron culture with merged channels (D1) and single 
channels for axon associated marker TUJ1 (beta-3-tubulin) in green (D2), S100 in magenta (D3) and DAPI in blue (D4); arrowheads indicate a 
rDRG cell body
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spider silk was compared. rSCs grown on uncoated dishes 
showed impaired spreading and shorter extensions, whereas 
rSCs possessed the typical spindle-shaped morphology with 
long extensions on PLL/laminin coating (Figure 3A1 vs A2). 
When cultured on spider silk, rSCs successfully adhered 
and aligned along the fibers (Figure 3A3). After 30 days in 
culture, rSCs had formed elongated and bundled cell layers 
(Figure 3A4). No obvious morphological differences of rFB 
cultures were observed between uncoated and PLL/laminin 
coated dishes (Figure 3B1 vs B2). Also rFBs accepted silk 
fibers as growth substrate where they usually accumulated 
at the fiber crossings (Figure 3B3) and rapidly developed a 
dense cell layer spreading over the silk mesh (Figure 3B3, 
B4). rDRG neurons only weakly adhered to uncoated dishes 
and neurite outgrowth was poor (Figure 3C1) when com-
pared to cultures on PDL/laminin coating, which supported 
cell attachment and the rapid formation of long axonal pro-
cesses (Figure 3C2). Of note, the large rDRG neuron cell 

bodies were able to adhere to the silk fibers (Figure 3C3) 
and elongated cells, presumably rSCs, were observed next 
to rDRG neurons with increased culture time (Figure 3C4). 
However, exact evaluation of axonal out-growth on silk was 
impeded by their thin size. These observations indicate that 
rSCs, rFBs, and rDRG neurons accepted spider silk as growth 
substrate without the need of any modification, while coating 
of culture dishes was necessary to allow the proper adhesion 
of rSC and rDRG neurons.

3.3 | Confocal imaging of rSC, rFB, and 
rDRG neurons cultures grown on spider 
silk confirmed cell-typical behavior and 
marker expression

For a more detailed comparison of the morphology and be-
havior of rSCs, rFBs, and rDRG neurons between spider 

F I G U R E  3  Comparison of the growth of rSCs, rFBs and rDRG neurons on different substrates. A-C, Representative phase contrast images 
of rSCs, rFBs, and rDRG neurons cultured on different substrates showing successful adhesion and growth of all cell types on spider dragline silk 
fibers. A, rSCs cultured on uncoated (A1) and PLL/laminin coated (A2) dishes at day 2 as well as on silk fibers at day 3 (A3) and day 30 (A4). 
B, rFBs cultured on uncoated (B1) and PLL/laminin (B2) coated dishes at day 4 as well as on silk fibers at day 3 (B3) and day 30 (B4). C, rDRG 
neurons cultured on uncoated (C1) and PDL/laminin (C2) coated dishes at day 3 as well as on spider silk fibers at day 1 (C3) and day 12 (C4); 
arrowheads indicate rDRG cell bodies; arrows indicate elongated cells along the silk fibers where rDRGs are present
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silk and controls, the established immunofluorescence 
staining panels (see Figure  2) were used. Phase contrast 
images suggested that rSCs elongated and aligned on PLL/

laminin and silk fibers (Figure  4A,B). Confocal imaging 
enabled a detailed visualization of single cells and con-
firmed that rSCs had a similar spindle-shaped morphology 

F I G U R E  4  Phase contrast versus confocal imaging of rSC, rFB, and rDRG cultures on different substrates. Representative phase contrast 
images of rSC cultures on PLL/laminin (A) and on silk fibers (B). IF images of rSC cultures on PLL/laminin (C) and on spider silk (D) with 
merged channels (C1, D1) and single channels for S100 in green (C2, D2), VIME in grey (C3, D3) and DAPI in blue (C4, D4) showing a similar 
alignment and elongated morphology; arrowheads indicate a S100−/VIME+ rFB. Representative phase contrast images of rFB cultures on PLL/
laminin (E) and on silk fibers (F). IF images of rFB cultures on PLL/laminin (G) and on spider silk (H) with merged channels (G1, H1) and single 
channels for NGFR in magenta (G2, H2), THY1 in cyan (G3, H3) and DAPI in grey (G4, H4) illustrating an increased elongation of rFBs on 
silk; arrows indicate a NGFR+/THY1− rSC, arrowheads indicate a NGFR−/THY1+ rFB spanning across silk fibers. Representative phase contrast 
images of rDRG cultures on PDL/laminin (I) and on silk fibers (J). IF images for rDRG cultures on PDL/laminin (K) and on spider silk (L) with 
merged channels (K1, L1) and single channels for TUJ1 (beta-3-tubulin) in green (K2, L2), NGFR in magenta (K3, L3), and DAPI in blue (K4, L4) 
revealing bundled TUJ1+ axonal processes surrounded by NGFR+ rSCs (arrows); arrowheads indicate rDRG neuron cell bodies
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with long processes on both substrates (Figure 4C,D). The 
flat and broad appearance of rFBs observed on PLL/coat-
ing changed to a more elongated form on the silk fibers, 
but the high cell density on the latter impeded proper mor-
phological characterization via phase contrast microscopy 

(Figure 4E,F). The confocal images illustrated the spread 
cell morphology rFBs on PLL/laminin, while spider silk 
indeed encouraged rFB elongation, and also the spanning 
of cell bodies across the fibers (Figure 4G,H). When rDRG 
neurons were monitored with phase contrast microscopy, 

F I G U R E  5  Comparison of rSC and rFB purity and proliferation on different substrates. IF stainings of rSCs cultured on PLL/laminin (A) 
and silk fibers (B) with merged channels (A1, B1) and single channels for S100 in green (A2, B2), EdU proliferation marker in magenta (A3, B3), 
VIME in grey (A4, B4) and DAPI in blue (A5, B5). IF stainings of rFBs cultured on PLL/laminin (C) and silk fibers (D) with merged channels 
(C1, D1) and single channels for THY1 in cyan (C2, D2), EdU proliferation marker in red (C3, D3), NGFR in magenta (C4, D4) and DAPI in 
grey (C5, D5); arrows indicate accumulated NGFR+ rSCs on top of THY1+ rFBs. E, Purity and proliferation of rSCs cultures on PLL/laminin and 
silk. Diagrams depict the percentage of S100+ SCs (left) and the percentage of S100+/EdU+ SCs (right) in each condition ± SD (n = 12); n.s. (not 
significant), **P-value < .01. F, Purity and proliferation of rFBs cultures on PLL/laminin and silk. Diagrams depict the percentage of THY1+ FBs 
(left) and the percentage of THY1+/EdU+ FBs (right) in each condition ± SD (n = 3); n.s. (not significant), *P-value < .05
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the fine and thin axonal processes developed on PDL/
laminin could be hardly assessed on silk fibers (Figure 4I 
vs J). The confocal images confirmed a widely spread 
axonal network on PDL/laminin with co-localized rSCs 
(Figure  4K) but, notably, revealed that rDRG neurons 

extended sustained axonal processes along the silk fibers, 
which appeared bundled and aligned with rSCs (Figure 4L). 
Hence, the established immunostaining panels combined 
with confocal microscope analysis facilitated a detailed 
and cell type-specific assessment of the morphological 

F I G U R E  6  Comparison of the migratory behavior of rSC and rFB on different substrates. A-D, Representative phase contrast images of rSCs 
cultured on PLL/laminin (A) and silk (C) as well as rFBs cultured on PLL/laminin (B) and silk (D) at the start (00:00) and end (22:00) of live cell 
imaging. Each colored trajectory illustrates the tracking result for one cell after 22 hours. (E, F)Diagrams depict the migration distance in µm and 
the velocity in µm/min ± SD of rSCs (n = 12) (E) and rFBs (n = 7) (F) on PLL/laminin and silk substrates; n.s. (not significant), **P-value < .01. 
G, Comparison of the migratory potential between rSCs and rFBs derived from the same donor (n = 4) on the two different substrates showed 
a significantly higher covered migration distance and the velocity of rSCs; ***P-value < .001. (H, I) Migration plots of rSCs (H) and rFBs (I) 
cultured on PLL/laminin and silk; the trajectory of each cell starts in the middle and depicts the migration direction in µm
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features of rSC, rFB, and rDRG cultures on silk. The re-
sults illustrate that the respective cellular characteristics, 
which usually only develop on a specific coating substrate, 
are preserved on untreated, native spider silk fibers.

3.4 | Quantification of rSC and rFB culture 
purity and proliferation in response to spider 
silk fibers

Further, we aimed to compare the purity and proliferation 
rate of rSC and rFB grown on PLL/laminin and silk fibers. 
After about 20 days of culture, EdU detection was performed 
to visualize DNA synthesizing cells followed by respective 
immunostaining panels established for rSC (Figure  5A,B) 
and rFB cultures (Figure 5C,D). Multi-color confocal images 
enabled the quantification of S100+/VIME+ rSCs and S100+/
EdU+/VIME+ proliferating rSCs in rSC cultures as well as 
THY1+/NGFR− rFBs and THY1+/EdU+/NGFR− proliferat-
ing rFBs in rFB cultures. A mean rSC culture purity of about 
95% was determined on both substrates, while proliferation 
of rSCs was significantly decreased on silk (Figure  5E). 
rFB cultures on PLL/laminin possessed a purity >90% but, 
interestingly, their purity on silk tended to decrease due to 
emerging accumulations of rSCs (Figure  5F). Similar to 
rSC cultures, the rFB proliferation rate was significantly re-
duced when cultured on silk fibers (Figure 5F). These results 
showed that rSCs and rFBs proliferated on the silk fibers but 
that the proliferation rate was reduced when compared to cul-
tures on PLL/laminin substrate.

3.5 | Quantification of the migratory 
potential of rSCs and rFBs on spider silk fibers

To provide insight into the migratory behavior of rSCs and 
rFBs on PLL/laminin and silk fiber substrates, we performed 
live cell imaging of freshly seeded cultures by taking one pic-
ture per 10 minutes for 22 hours. Individual cells were then 
manually tracked throughout the 132 pictures to determine 
the mobility of cells on the two different substrates. The re-
sults were visualized in form of colored trajectories for rSCs 
and rFBs on PLL/laminin (Figure 6A,B) and on silk fibers 
(Figure 6C,D). The live cell imaging videos with the trajecto-
ries of rSCs and rFBs cultured on silk are available in Videos S1  
and S2, respectively, and visualized a rather uncoordinated 
movement of rSCs and rFBs. Based on the trajectory data, 
the mean velocity (µm/min) as well as the mean migration 
distance (in µm) within 22  hours of observation were cal-
culated. The covered distance by the rSCs was 1,100  µm 
and their velocity was 0.9 µm/min, and both were similar on 
PLL/laminin and silk (Figure 6E). rFBs reached a migration 
distance of 500 µm and a velocity of 0.4 µm/min and those 

values were marginally but significantly increased to 600 µm 
and 0.5 µm/min on the silk fibers (Figure 6F). By compar-
ing the migratory potential between rSCs and rFBs derived 
from the same donors, we confirmed that both the covered 
distance and the velocity of rSCs were about 50% higher than 
those of rFBs independent of the substrate (Figure 6G). The 
migration plots visualized the migration behavior of rSCs 
(Figure 6H) and rFBs (Figure 6I) on silk and PLL/laminin. 
In summary, the data revealed that the migratory potential 
of rSCs is about twice as high than that of rFBs and that silk 
fibers allowed rSCs to cover a migration distance of 1.1 mm 
within 22 hours, which is in line with the average nerve re-
generation rate of 1 mm per day.21

We further analyzed the impact of a rFB population on the 
migratory behavior of rSCs cultured on silk. Discrimination 
of rSCs and rFBs was achieved by labeling rFBs with the 
green fluorescent cell membrane dye PKH67 prior to the 
co-culture. PKH stably anchors fluorophores with aliphatic 
tails in the lipid regions of cell membranes, allowing bright 
labeling of cells over an extended period of time. Live cell 
imaging of these co-cultures was performed for 22  hours. 
PKH67− rSCs (Figure  7A) and PKH67+ rFBs (Figure  7B) 
were manually tracked and results were compared to re-
spective pure cultures on PLL/laminin and on silk. While 
the presence of rFBs hardly affected the covered migration 
distance of rSCs, they significantly decreased the velocity of 
rSCs when compared to pure rSC cultures (Figure  7C). In 
turn, the presence of rSCs had no effect on the migratory be-
havior of rFBs (Figure 7D).

4 |  DISCUSSION

The enrichment of hollow nerve conduits with internal guid-
ing structures or luminal fillers is suggested to overcome 
their poor performance in long-distance nerve defects.35,80,81 
Intriguingly, the use of native spider silk fibers applied as 
internal guiding filaments in nerve conduits achieved a re-
generative outcome similar to autologous nerve grafts in 
large-distance nerve defects of rats and sheep.47,59 However, 
native spider silk remains a natural material with associated 
limitations for clinical use. To replace native spider silk with 
a recombinant analog, it is important to understand how na-
tive spider silk supports the regeneration of nerves and which 
modifications of recombinant silk could be useful to enhance 
its performance. Hence, qualitative and quantitative param-
eters are needed to identify and evaluate the recombinant silk 
candidates suitable for future in vivo studies. To address that 
need, this study aimed to deduce the regenerative effects of 
native spider silk by analyzing the behavior and interaction 
of three major cell types involved in nerve repair (a) primary 
SCs, (b) nerve-associated FBs and (c) DRG-derived sensory 
neurons in response to native spider silk fibers in vitro.
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Our results confirmed that coating with laminin, an 
ECM protein, and positively charged amino acid polymers 
(PLL and PDL) is necessary for proper adhesion and out-
growth of rSCs and rDRG neurons on plastic culture dishes. 
Remarkably, primary rSCs, rFBs as well as rDRG neurons 
attached to native spider silk fibers without any additional 
treatment. Furthermore, all cell types cultured on the native 
silk fibers possessed their characteristic morphological fea-
tures: rSCs aligned in a bipolar fashion, rFBs spread across 
the fibers, and rDRG neurons formed long axonal processes. 
In order to facilitate a detailed assessment of cell-specific 
behavior on the silk, we established multi-color immuno-
fluorescence staining panels for rSCs, rFBs, and rDRG neu-
rons. Confocal image analysis illustrated that rSCs aligned 
along the silk fibers and formed longitudinal cell strands re-
sembling the regeneration tracks known as Bungner bands. 
Hence, the properties of native spider silk fibers likely mimic 
the basal lamina tubes repair SCs use to orientate and align 
after nerve injury. Repair SCs release neurotrophic factors 
and offer the preferred substrate for axons as they express 
neuritogenic cues such as neural adhesion molecules and 
basal lamina proteins.11,82,83 Accordingly, rDRG neurons ex-
tended their axonal processes in close association with longi-
tudinally aligned rSCs on the silk. The formation of Bungner 
bands along native spider silk fibers could be responsible for 
the effective regeneration through nerve conduits in vivo48,59 
by providing essential topographical guidance structures for 

a directed and fast re-growth of axons. We recommend to use 
super-resolution microscopy to further analyze the Bungner 
band-like structures on silk fibers in detail and gain informa-
tion about axon properties such as the number of neurites, 
diameter, and growth cones, as well as the produced basal 
lamina proteins by SCs. The native spider silk also favored 
elongation and spreading of nerve-associated rFBs across 
the silk fibers, which is in line with the fast development of 
dense cell layers on spider silk meshes reported previously 
for NIH/3T3 FBs.57 While the formation of cell layers across 
silk fibers could be beneficial for other tissue engineering ap-
plications, for example, bladder reconstructions,67 excessive 
FB spreading and distribution within internal guiding fila-
ments of nerve conduits might block the regeneration tracks 
and impede nerve repair.

Internal guiding filaments for nerve conduits should fur-
ther allow cell proliferation to populate the conduit with cells 
that provide a growth supportive milieu. However, a low 
proliferation rate of nerve resident FBs is associated with a 
reduced fibrosis risk, while a high proliferation rate of SCs 
is associated with a beneficial regenerative effect. In order 
to determine the proliferation status of rSCs and rFBs in re-
sponse to native silk fibers, EdU detection was implemented 
in the established staining panels for the quantitative evalua-
tion of DNA synthesizing cells. Both rSCs and rFBs cultured 
on silk proliferated but their proliferation rate was reduced 
when compared to cultures on PLL/laminin coating, where 

F I G U R E  7  Comparison of the migratory behavior of rSC and rFB co-cultures. (A, B) Representative overlay image of phase contrast and 
corresponding green fluorescent channel visualizes PKH67− rSCs (A) and PKH67+ rFBs (B) in co-cultures on silk at the start (00:00) and end 
(22:00) of live cell imaging. Colored trajectories illustrate the tracking results for PKH67− rSCs (A) and PKH67+ rFBs (B) after 22 hours. (C, D)
Diagrams depict the covered distance in µm and the velocity in µm/min ± SD of rSCs (n = 3) (C) and rFBs (n = 3) (D) cultured on PLL/laminin, 
silk, and silk co-cultures; n.s. (not significant), **P-value < .01, ***P-value < .001
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cells undergo regular passaging. This could be caused by 
the silk itself or by a contact mediated inhibition of prolif-
eration induced by the close proximity of cells cultured on 
silk84 that, however, more adequately reflect the in vivo sit-
uation. Although a decreased proliferation of SCs could be 
considered disadvantageous, an in vivo study demonstrated 
that the inhibition of SC proliferation during nerve injury 
did not markedly affect the regenerative outcome.85 It was 
concluded that rather the maintenance of repair-specific SC 
functions than SC proliferation is essential for nerve regen-
eration.15 Hence, further studies that investigate whether the 
repair-specific functional spectrum of rSCs is preserved on 
silk are highly desirable. In addition to proliferation, also 
the ECM protein expression profile of FBs defines their ac-
tivation status. To exclude an aberrant deposition of ECM 
by nerve-associated FBs in response to (recombinant) silk 
fibers, we suggest to additionally define their repertoire of 
expressed ECM proteins in future studies.

Time is a critical factor for functional recovery of long 
nerve defects as the re-growing axons need to reach the 
target organ before chronic denervation leads to functional 
loss.16,86,87 The successful migration of SCs along the internal 
guiding filaments is, thus, essential to direct the re-growing 
axons through the nerve conduit. Herein, live cell imaging 
was used to provide insight into the migratory behavior of 
rSCs and rFBs on the native spider silk fibers for 22 hours. 
Our results demonstrated that the inherent migratory poten-
tial of rSCs, measured by the migration distance and velocity, 
is more than twice as high than that of rFBs. Most remark-
able was the mean rSC migration distance of 1.1 mm within 
22 hours of culture on the silk fibers, which reflects the re-
ported axon growth rate of about 1-3 mm per day.21,88 This 
finding underlines that native spider silk fibers allow a phys-
iological relevant migration of rSCs, an important feature to 
precede and guide axons across the nerve defect. However, 
the migratory behavior of rSCs on native spider silk also in-
cluded uncoordinated movements that reduced their effective 
migration distance. Increasing the directionality of SC migra-
tion on silk fibers is a promising strategy to improve the guid-
ance of axons across large-distance nerve defects. Moreover, 
we showed that the presence of rFBs significantly decreased 
the velocity of rSCs on silk fibers. This result supported ex-
isting SC-FB interactions via cell adhesion molecules,71 but 
argues against a benefit of nerve-associated FBs seeded in 
silk fiber enriched nerve conduits as they will counteract the 
remarkable migration potential of SCs.

This study showed that the regenerative effect of native 
spider silk during nerve repair is presumably due to its ex-
cellent adhesive properties that also facilitate the migratory 
capacity of SCs and the formation of Bungner band-like struc-
tures. Despite these compelling results, we also found that 
SCs cultured on native spider silk lacked migration direction-
ality. These findings represent an essential first step to adjust 

the properties of recombinant silk fibers for nerve repair. The 
variety of recombinant spider silk proteins is constantly im-
proving and up-and-coming to be exploited in form of lumi-
nal fillers and internal guiding filaments for nerve conduits. 
Importantly, the production process of recombinant spider 
silk proteins enables to optimize the properties of the gen-
erated scaffold by genetic modifications or biofunctionaliza-
tion that can selectively affect cell adhesion, differentiation, 
and function.60 It is, thus, important to identify the molecular 
basis behind the regenerative effect of native spider silk to 
tailor the features of recombinant silk to the specific needs 
for nerve repair. However, the material properties underlying 
the excellent interactions of cells with native spider silk are 
poorly understood but likely involve a combination of factors. 
A recent study showed that the attachment of rat SCs to dif-
ferent kinds of native spider silk fibers is independent of their 
diameter, but that SC elongation and distribution along the fi-
bers was associated with a high content of β-sheets within the 
silks secondary protein structure.89 Cell attachment and func-
tion can also be influenced by charged functional groups.90,91 
While low cell adhesion was observed to Bombyx mori silk 
fibroin that possess a high density of negative charges, we 
and others demonstrated good cell attachment and prolifer-
ation to native spider silk that is assembled of proteins with 
positive charges.48,56,57,89,92 Proof of principle was provided 
by the different adhesion of cells to silk films composed of 
positively or negatively charged variants of the same recom-
binant spider silk protein eADF4(C16).93 Hence, the β-sheet 
content and charge are important parameters of native spi-
der silk fibers that should be preserved in recombinant silk, 
whereas distinct modifications could overcome the limitation 
of native silk.

As we found that a FBs significantly reduce the veloc-
ity of SCs on silk fibers, desirable modifications to recom-
binant silk proteins could contain selective binding signals 
that either increase the affinity of SCs or reduce the bind-
ing of FBs to the silk fiber.94 Ways to modify recombi-
nant silk proteins include physical adsorption, chemical 
modifications of amino acid side chains, and genetic engi-
neering.95 Several studies supported that recombinant spi-
der silk-based matrices modified with cell binding motifs 
derived from ECM proteins can promote the adhesion of 
various cell types,95-97 and that the IKVAV motif had a 
significant effect on both adhesion and survival of SCs.97 
Incorporating such peptide sequences into longitudinally 
aligned recombinant silk fibers could promote the early 
adhesion and Bungner band formation of SCs to hasten 
nerve regeneration. Our results also showed that the migra-
tory behavior of SCs on the native spider silk is excellent 
but lacks directionality. As the neurite outgrowth from the 
proximal nerve stump follows the lead of SCs,98 improving 
the directionality of SC migration along the silk fibers will 
likely result in an increased guidance of axons through the 
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conduit. For example, filaments composed of recombinant 
silk could be aligned inside the lumen of nerve conduits 
that contain a gradient of bioactive molecules promoting 
SC migration, such as GDNF-loaded silk microspheres 
incorporated in the conduit wall.99 Alternatively, nerve 
conduits that comprise a combination of (a) silk fibers 
as guiding structure and (b) hydrogels as source of bio-
active molecules might be ideal to support the require-
ments for nerve regeneration. While recombinant silk 
fibers serve as topographical guidance, the hydrogel can 
include a variety of nerve repair promoting strategies such 
as the controlled release of neurotrophic factors, electro- 
conducting polymers, or cues influencing cell adhesion 
and function, reviewed in.100 Moreover, hydrogels allow 
to incorporate factors that block inhibitors of neural regen-
eration, for example chondroitinase ABC that counteract 
fibrotic scar formation by degrading chondroitin sulfate 
proteoglycans.101 With respect to long-distance nerve de-
fects, nerve conduits also need to be enriched with cells 
to replace the lost tissue and as a source for neurotrophic 
support. Transplanted autologous SCs or easier accessi-
ble mesenchymal stem cells are known to increase nerve 
regeneration.102-105 The efficient delivery and survival of 
transplanted cells could be improved by their encapsula-
tion in degrading hydrogels that allow the exchange of sol-
uble molecules and nutrients.106

Indeed, the fabrication of a multifunctional nerve conduit 
to treat long-distance nerve defects in patients will demand 
a combinatorial approach comprising the kind of conduit, 
internal guiding structures, luminal fillers, functionaliza-
tion, and cells to achieve clinical relevant results. Using the 
regenerative features of native spider silk fibers as baseline, 
this study provides a first step to implement recombinant silk 
fibers as internal guiding filaments for nerve conduits. We 
defined reference parameters recombinant silk fibers should 
meet for nerve repair and contribute suitable assays to com-
pare their performance in vitro and identify the most promis-
ing candidates eligible for future in vivo studies.

5 |  CONCLUSION

Herein, we established read-outs for a refined and detailed 
behavioral analysis of primary rSCs, nerve-associated rFBs, 
and rDRG neurons cultured on native dragline silk. Our 
results demonstrate that native spider silk fibers possess 
excellent adhesive properties allowing cell alignment, prolif-
eration, and migration without the need of any modification. 
Moreover, rSCs form sustained bundled structures along 
the silk fibers that were populated with outgrowing axonal 
processes of rDRG neurons. Thus, native spider silk fibers 
provide a framework that substitutes basal lamina tubes as 
topographical guidance structure by supporting the intrinsic 

nature of repair SCs to form Bungner bands for re-growing 
axons. Native spider silk also allowed an eminent migration 
of rSCs but their directionality was poor. We suggest to en-
hance the regeneration of axons through nerve conduits by 
increasing the directionality of SC migration using recom-
binant spider silk fibers in combination with functionalized 
hydrogels.
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