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Introduction

Peripheral nerve injuries affect up to 5% of all trauma 
patients and represent a substantial socioeconomic burden 
due to poor functional recovery, resulting in major health-
care expenses, long sick leaves, and potentially life-long 
disability as well as unemployability.1–3

Notably, peripheral nerves possess an intrinsic capacity 
to regenerate, which is mainly enabled by the remarkable 
plasticity of the glial Schwann cells (SCs). Upon injury, 
SCs undergo a phenotypic change from the mature myeli-
nating state to the regeneration-promoting repair SC state.4 
This process, called adaptive cellular reprograming, 
involves the downregulation of myelin-associated genes, 
such as the key transcription factor Krox20, myelin basic 
protein (MBP), or myelin protein zero (MPZ). 
Simultaneously, neurotrophic factors are upregulated, 
including glial cell line-derived neurotrophic factor 
(GDNF), brain-derived neurotrophic factor (BDNF), 

neurotrophin-3, and nerve growth factor (NGF), as well as 
p75 neurotrophin receptor (p75NTR) and N-Cadherin, all of 
which are able to promote axon regeneration and survival.5 
In addition, SCs secrete cytokines that attract macrophages 
to aid in myelin debris clearance. Most importantly, SCs 
proliferate, migrate, and elongate to form bands of 
Büngner—aligned cellular tracks between the nerve 
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stumps, which serve as essential guidance structures for 
regenerating axons.4–7

Despite this intrinsic regenerative potential, functional 
recovery of severely damaged nerves is rather poor and 
microsurgical interventions are necessary. The current 
gold standard for treatment of segmental nerve lesions 
longer than 5 cm is the use of nerve autografts; however, it 
is associated with various detrimental side effects.8,9 In 
contrast, hollow nerve guidance conduits (NGCs) are the 
main clinically approved alternative for nerve lesions of up 
to 4 cm. NGCs provide a controlled microenvironment for 
nerve regeneration, supporting the accumulation of neuro-
trophic factors, the formation of an acellular fibrin cable 
between the nerve stumps and subsequently the prolifera-
tion and migration of SCs along the fibrin cable to form 
aligned SC tracks. These glial bands of Büngner promote 
axon regeneration from the proximal to the distal nerve 
stump, followed by remyelination of regenerated axons.9 
However, hollow NGCs fail to promote axon regeneration 
over longer distances, which is caused by compromised 
fibrin cable formation, limited infiltration of resident SCs 
and the inability to maintain the repair phenotype over 
longer periods.6,10–12

Since the adequate formation of bands of Büngner is a 
major obstacle during regeneration in vivo, numerous 
attempts have been made to improve the design of NGCs 
in order to promote endogenous SC migration and align-
ment. This is accomplished by the addition of topograph-
ical guidance structures into the lumen of NGCs, such as 
longitudinal fibers or filaments, sponges, fillers, or films, 
as well as longitudinal microgrooves in the inner NGC 
wall, as reviewed by Daly et al.9 and Gu et al.13 However, 
even these modified NGCs fail to effectively regenerate 
larger nerve defects, thereby highlighting the importance 
of creating a more supportive microenvironment for 
nerve regeneration inside NGCs. Strategies incorporating 
growth/neurotrophic factors14–17 or exogenous cells18–20 
have shown great potential in improving functional 
recovery and nerve regeneration. One promising tissue 
engineering strategy is to establish nerve grafts that 
resemble the 3D anisotropic cellular organization. Apart 
from seeding SCs onto pre-aligned scaffolds,21–25 other 
approaches use tethering of cell-laden hydrogels, which 
induces endogenous cellular tension leading to SC align-
ment.26–28 Similarly, Muangsanit et  al.29 introduced the 
application of gel aspiration-ejection to produce aniso-
tropic Schwann cell-embedded hydrogels. Furthermore, 
Panzer et al.30 recently reported the generation of trans-
plantable, tissue-engineered bands of Büngner using col-
lagen-coated microcolumns that induce self-assembly 
into longitudinally aligned SCs, which supported axon 
migration in vitro.

Notably, to the best of our knowledge, none of these 
approaches apply external mechanical stimuli to cell-laden 
constructs to induce the formation of bands of Büngner. 

Considering that peripheral nerves are exposed to mechan-
ical forces during their entire lifespan, such as increasing 
stiffness and elongation during embryogenesis as well as 
compressions and stretches during daily activities, 
mechanical stress likely also plays a pivotal role in regulat-
ing SC plasticity.31–33 Therefore, we hypothesized that the 
application of strain (i) induces the alignment of SCs along 
the axis of strain, (ii) leads to the expression of repair-pro-
moting genes, and (iii) that the thereby created bands of 
Büngner constructs support axon migration. Therefore, the 
aim of this study was to create tissue-engineered bands of 
Büngner constructs by subjecting SCs embedded in fibrin 
hydrogels to mechanical stimulation using the MagneTissue 
bioreactor, a system which exerts tensile stress onto tissue-
engineered constructs by magnetic force transmission.34,35 
Since we observed in previous studies that the application 
of tensile strain using the MagneTissue bioreactor induces 
alignment of myotubes along the axis of strain, we hypoth-
esized that mechanical stimulation would likewise induce 
Schwann cell alignment.34,35 To assess whether these con-
structs structurally and functionally mimic the endogenous 
regenerative capacity of SCs, we analyzed the expression 
of genes and activation of signaling pathways involved in 
SC plasticity. Besides analyses of molecular and morpho-
logical changes upon mechanical stress, we furthermore 
aimed to identify the regenerative capacity of the tissue-
engineered bands of Büngner constructs by assessing axon 
migration in an in vitro co-culture model with rat neonatal 
dorsal root ganglion explants.

Methods

Primary Schwann cell (SC) isolation and 
cultivation

Primary SCs were isolated from dissected sciatic nerves 
from male and female Sprague Dawley rats (Janvier Labs, 
Le Genest-Saint-Isle, France) as previously described.36 
Briefly, after the removal of the epineurium, nerve tissue 
was enzymatically digested at 37°C and 5% CO2 overnight 
in Dulbecco’s Modified Eagle’s Medium High Glucose 
(DMEM HG, Lonza, Basel, Switzerland) supplemented 
with 0.1% collagenase Type I (Sigma Aldrich, St. Louis, 
MO, USA), 1.25% dispase I (Sigma Aldrich), 3 mM CaCl2, 
1% Penicillin/Streptomycin (P/S, Lonza), and 1% 
Amphotericin B (Lonza). The following day, the dissoci-
ated tissue was filtered through a 70 µm cell strainer, 
DMEM HG with 10% (v/v) fetal calf serum (FCS; GE 
Healthcare, Chicago, IL, USA) was added and the cell sus-
pension was centrifuged at 300 g for 5 min. SCs were 
seeded in SC medium (SCM) consisting of DMEM HG 
supplemented with 10% FCS, 1% L-Glutamine (Lonza), 
2 µM forskolin (Sigma Aldrich), and 10 ng/ml heregulinβ-1 
(PeproTech #100-03, London, UK) onto plates coated with 
0.01% poly-L-lysine (Sigma Aldrich).
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To remove unwanted fibroblasts, cells were detached 
with Trypsin-Versene (Lonza) at room temperature for 
2 min, centrifuged at 300g for 5 min and incubated on 
uncoated plates for 30 min at 37°C and 5% CO2, resulting 
in the preferential adherence of mostly fibroblasts.37 The 
SC-containing supernatant was transferred onto poly-L-
lysine-coated plates. Medium was renewed every 2–3 days 
and SCs were passaged at a confluency of approximately 
90%.

Fabrication of Schwann cell-embedded fibrin 
scaffolds

SCs were embedded in ring-shaped fibrin hydrogels using 
the clinically approved Tissucol Duo 500 5.0 ml Fibrin 
Sealant (Baxter, Deerfield, IL, USA) as previously 
described.34 Briefly, fibrinogen was diluted to a concentra-
tion of 30 mg/ml with SCM. Thrombin was first diluted to 
10 U/ml with 40 mM CaCl2, and then further diluted to 4 U/
ml with SC suspension. To cast ring-shaped hydrogels, 
250 µl of diluted fibrinogen were mixed with 250 µl throm-
bin/cell suspension, injected into polyoxymethylene scaf-
fold molds (Figure 1(a)), and polymerized at 37°C and 5% 
CO2 for 1 h. The ring-shaped scaffolds had a final concen-
tration of 4 × 106 SCs in 15 mg/ml fibrin and 2 U/ml 
thrombin.

Mechanical stimulation of Schwann cell 
scaffolds using the MagneTissue bioreactor

The custom-made MagneTissue bioreactor applies uniax-
ial tensile strain to ring-shaped scaffolds, as previously 
described.34,35 For mechanical stimulation, scaffolds were 
mounted onto custom-made tube inlets with an integrated 
magnet (Figure 1(b)) and cultured in Falcon 14 ml round 
bottom polystyrene tubes (BD Biosciences, Bedford, 
USA) containing 9 ml SCM supplemented with the 
fibrinolysis inhibitor aprotinin (Baxter) at 100 KIU/ml. 
Stretching of the scaffolds was achieved by magnetic force 
transmission between the magnet of the tube inlet and an 
external magnet in the lower plate of the MagneTissue bio-
reactor (Figure 1(b)), which can be moved vertically by a 
stepper motor, thereby resulting in stretching of the scaf-
folds. After an initial resting period of 48 h, one of the fol-
lowing strain regimes was applied (Figure 1(c)): (i) cyclic 
strain, that is initial 10% static strain for 48 h, followed by 
alternating cycles of 0%–12% strain at 250 mHz for 6 h 
and 0%–3% strain at 250 mHz for 6 h for the remaining 
72 h (Figure 1(d)); (ii) static strain, that is application of 
10% strain for 48 h, followed by 12% strain for the remain-
ing 72 h; or (iii) ramp strain, that is the application of incre-
mental strain starting at 10%, which was increased by 2% 
every 24 h, resulting in a final 20% strain at the end of the 
mechanical stimulation period on day 7. Scaffolds culti-
vated floating in medium served as unstimulated controls.

RNA isolation from fibrin scaffolds

Samples for RNA isolation were harvested from unstimu-
lated controls and strained constructs 15 min after the onset 
of mechanical stimulation (d2) as well as 15 min after the 
last increment of strain on day 7. Fibrin scaffolds were 
washed in PBS, transferred to 2 ml reinforced Precellys® 
tubes containing 1.4 mm zirconium oxide beads (Bertin 
Technologies, Frankfurt, Germany), and subsequently 
snap-frozen in liquid nitrogen. Samples were homogenized 
in 1 ml innuSOLV RNA Reagent (IST Innuscreen GmbH, 
Berlin, Germany) using a Precellys® 24 tissue homoge-
nizer (Bertin Technologies) in three cycles of 5500 rpm for 
20 s each. To facilitate lysis, samples were snap-frozen 
between homogenization cycles and allowed to thaw at 
room temperature. Following homogenization, samples 
were centrifuged at 16,000g to pellet fibrin residues. To 
isolate RNA, homogenized samples were transferred to 
2 ml Phasemaker Gel Heavy tubes (Quantabio, Beverly, 
MA, USA), 200 µl chloroform was added, samples were 
shaken vigorously for 15 s and incubated at room tempera-
ture for 15 min. After centrifugation at 12,000g for 15 min, 
RNA could be retrieved from the upper aqueous phase, 
which was separated from the lower organic and inter-
phase by the gel. An equal volume of chloroform was 
added to the aqueous phase, samples were again incubated 
for 10 min at room temperature and centrifuged at 12,000g 
for 15 min. The upper aqueous phase was collected again 
and RNA was precipitated by adding 600 µl isopropanol 
and 1.5 µl GlycoBlue™ co-precipitant (Invitrogen, 
Waltham, MA) for 30 min at room temperature. After cen-
trifugation at 16,000g for 30 min, the supernatant was 
removed, and RNA pellets were washed three times by 
adding 1 ml cold 70% ethanol and centrifuging at 12,000g 
for 10 min each. Subsequently, pellets were air-dried for 
10 min at room temperature and RNA was resuspended in 
20 µl DEPC-treated distilled water. All centrifugation steps 
were performed at 4°C.

cDNA synthesis and qPCR

To remove genomic DNA, samples were DNase-treated 
according to manufacturer’s instructions (Thermo 
Scientific, Waltham, MA, USA). Briefly, 1 µg RNA was 
incubated with 1 U DNase I and reaction buffer (contain-
ing MgCl2) at 37°C for 30 min. Subsequently, DNase was 
inactivated by incubation at 65°C for 10 min in the pres-
ence of EDTA, and the DNase-digested RNA was directly 
used as a template for reverse transcription using the 
OneScript® Plus cDNA Synthesis Kit (ABM, Richmond, 
Canada) with oligo(dT) primers.

qPCR was performed on a qTOWER3G cycler (IST 
Innuscreen) using the PerfeCTa® Green FastMix® Low 
ROX (Quantabio). Samples were analyzed in triplicates 
with 10 ng input cDNA per reaction and 300 nM forward 
and reverse primers. Data was normalized to the 
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Figure 1.  Establishment of tissue-engineered bands of Büngner using the MagneTissue bioreactor: (a) Schwann cells were embedded in 
ring-shaped fibrin hydrogels using polyoxymethylene molds, (b) Fibrin scaffolds were mounted onto custom-made tube inlets and placed 
into the MagneTissue bioreactor. Scaffolds were mechanically stimulated via magnetic force transmission between the magnet of the tube 
inlet and a magnet in the bioreactor’s bottom plate (indicated by arrows), which can be moved vertically by a stepper motor, (c) overview 
of the mechanical stimulation protocols: scaffolds were subjected to a static (gray dashed line, 12% constant static strain), ramp (blue, 2% 
increments of static strain every 24 h), or cyclic (green, alternating phases of 12% and 3% cyclic strain at 250 mHz for 6 h each, close up in 
d) simulation protocol, (e) application of different strain protocols strongly influences Schwann cell alignment. In contrast, Schwann cells in 
unstimulated control scaffolds showed random orientation inside the fibrin hydrogel. Cells were stained for the glial marker S100 (green) 
and nuclei were counterstained with DAPI (blue). Arrows indicate the axis of strain. Scale bars indicate 200 µm, and (f) analysis of Schwann 
cell orientation comparing the different strain protocols. The deviation of Schwann cells from the axis of strain (shown as scatter plot with 
mean ± SD) as well as histograms of relative frequency distributions of Schwann cell orientation is shown. N = 2, n = 2.
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housekeeping gene GAPDH and fold changes calculated 
using the comparative Ct (ΔΔCt) method. Primer 
sequences38,39 are listed in Table 1.

Protein isolation and Western blot analysis

Samples for protein isolation were harvested from unstim-
ulated controls and strained constructs 15 min after the 
onset of mechanical stimulation (d2) as well as 15 min 
after the last increment of strain on day 7. To isolate pro-
tein, fibrin scaffolds were washed with PBS, snap-frozen 
in liquid nitrogen and homogenized in 1.5 ml tubes using 
Dstroy® pestles (Biozym, Oldendorf, Germany). Samples 
were lyzed and further homogenized with 100 µl nonidet 
P-40 protein isolation buffer (40 mM HEPES (pH 7.9), 
120 mM NaCl, 1 mM EDTA (pH 8.0), 10 mM 2-glyc-
erolphosphate, 50 mM NaF, 0.5 mM Na3VO4, 1% nonidet 
P-40 substitute (Sigma Aldrich)) supplemented with pro-
tease inhibitors (1 mM phenylmethylsulfonyl fluoride, 
2 µg/ml aprotinin, 2 µg/ml leupeptin, 0.3 µg/ml benzami-
dine chloride, 10 µg/ml trypsin inhibitor) using motorized 
pellet pestles (DKW Life Sciences, Wertheim, Germany). 
Total protein was extracted by repeated freeze and thaw 
cycles in liquid nitrogen, followed by incubation on ice for 
1 h and centrifugation at 17,000g for 20 min to pellet insol-
uble material.

For Western blot analysis, equal volumes of denatured 
protein were resolved on an SDS-polyacrylamide gel 
(10%) and transferred onto a nitrocellulose membrane (GE 
Healthcare, Little Chalfont, UK). After blocking for 1 h at 
room temperature with 5% non-fat milk in Tris-buffered 
saline containing 0.1% Triton X-100 (Sigma; TBS-T), 
membranes were incubated in primary antibody solutions 
in TBS-T containing 5% bovine serum albumin (BSA) at 
4°C overnight. Secondary antibody incubation was per-
formed for 1 h at room temperature in 5% non-fat milk in 
TBS-T. Membranes were scanned with the Odyssey® Fc 
Imaging System (LI-COR, Lincoln, NE, USA) and signals 
quantified with Image Studio Lite (LI-COR).

The following primary antibodies were used (all from 
Cell Signaling Technology, Danvers, MA, USA): Phospho-
FAK (Tyr397), 1:1000, #3283; Phospho-p44/42 MAPK 
(Erk1/2; Thr202/Tyr204), 1:2000, #4370; Phospho-p38 

MAPK (Thr180/Tyr182), 1:1000, #4511; and GAPDH, 
1:1000, #2118. IRDye® 800CW donkey anti-rabbit was 
used as secondary antibody at 1:15,000 dilution (LI-COR).

Primary dorsal root ganglion (DRG) isolation

DRG explants were isolated from male and female postna-
tal day 1 Sprague Dawley rats (Janvier Labs, Le Genest-
Saint-Isle, France). The spinal column was excised and 
dissected to remove the spinal cord. Lumbar level 1–6 
(L1–L6) DRG pairs were isolated from intervertebral 
foramina and stored on ice in PBS supplemented with 1% 
P/S and 1% Amphotericin B until further processing, but 
not longer than 2 h.

Co-cultivation of bands of Büngner constructs 
and dorsal root ganglion explants

Devices for co-cultivation of the tissue-engineered bands 
of Büngner with DRG explants were composed of a poly-
dimethylsiloxane (PDMS) layer containing six channels 
with the dimension of the channels of ibidi® sticky-slides 
VI 0.4 (ibidi GmbH, Gräfelfing, Germany), and plasma-
bonded onto glass slides. Tissue-engineered bands of 
Büngner, generated with the ramp strain protocol, as well 
as unstimulated control constructs were each cut into two 
pieces, transferred to separate channels of the co-culture 
device, and one DRG explant was inserted into each fibrin 
hydrogel construct. Devices were closed with ibidi® 
sticky-slides and channels were filled with co-culture 
medium. Co-culture medium consisted of Neurobasal A 
medium (Gibco, Thermo Scientific) supplemented with 
50 ng/ml recombinant murine β-NGF (Peprotech #450-
34), 10 ng/ml heregulinβ−1, 1× B27 (Invitrogen), 1% P/S, 
1% Amphotericin B, 1% L-glutamine, and 100 U/ml apro-
tinin. Medium was exchanged every 2 days. On day 7 of 
co-cultivation, constructs were fixed for immunofluores-
cence staining.

Immunofluorescence stainings

Fibrin constructs were fixed in ROTI Histofix (Roth, 
Karlsruhe, Germany) overnight at 4°C and subsequently 

Table 1.  Primer sequences used for qPCR analysis.

Target gene Forward (5′–3′) Reverse (5′–3′)

BDNF TCTACGAGACCAAGTGTAATCCCA CTTATGAACCGCCAGCCAAT
NGF CTGGGCGAGGTGAACATTAACA CAGCCTGTTTGTCGTCTGTTGTC
p75NTR AAGATGGAGCAATAGACAGGA CTGAATGCGAAGAGATCCCT
Krox20 CCTACAATCCGCACCACCTG GAACCTCCTGTCGCAACCCT
MPZ GTGGTTTACACGGACAGGGAAGT GGTTGACCCTTGGCATAGTGG
GAPDH CCGTATCGGACGCCTGGTTA CCGTGGGTAGAGTCATACTGGAAC
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washed three times with distilled water for 5 min each. 
Hydrogels were permeabilized for 15 min each at room 
temperature in TBS-T and then PBS-T, and blocked for 1 h 
at room temperature in PBS-T supplemented with 3% goat 
serum and 1% BSA. Primary antibody incubations (rabbit 
polyclonal S100, 1:400, DAKO (Z0311), Santa Clara, CA, 
US, and mouse monoclonal Neurofilament, 1:100, DAKO 
(Clone 2F11)) were performed at 4°C overnight in block-
ing buffer. After washing in PBS-T, secondary antibody 
stainings (AlexaFluor™ 488 goat anti-mouse IgG (H+L), 
AlexaFluor™ 488 goat anti-rabbit IgG (H+L), or 
AlexaFluor™ 594 goat anti-rabbit IgG (H+L), all from 
Invitrogen) were performed for 1 h at 37°C at a 1:400 dilu-
tion in blocking buffer. Nuclei were counterstained with 
4′,6-diamidino-2-phenylindole (DAPI) diluted 1:1000 in 
PBS-T for 10 min at room temperature. Whole constructs 
were mounted onto glass slides using Fluoroshield (Sigma 
Aldrich) for fluorescence microscopy.

Microscopical data analysis

Whole-mount constructs were observed with a Leica 
THUNDER Imager Live Cell & 3D Assay microscope, or 
an LSM 700 confocal microscope (Zeiss, Oberkochen, 
Germany). Tile scans of the whole construct area were 
acquired for tissue-engineered bands of Büngner con-
structs co-cultured with DRGs.

For analysis of SC alignment after mechanical stimula-
tion, three representative regions of interest (ROI) per 
sample were imaged. SC alignment was analyzed with the 
imaging analysis software FIJI40 using the “Measure” 
function of the OrientationJ plug-in.41,42 Relative frequen-
cies of orientations were calculated and plotted using 
GraphPad Prism 7, with 0° being defined as the axis of 
strain.

Quantification of axon outgrowth in the tile scans was 
performed using FIJI area measurements (n = 9 unstimu-
lated control and n = 10 strain). After thresholding for sig-
nal in the green channel (neurofilament), the total area of 
axons was measured. ROIs were defined as area from mid 
DRG as well as in areas of 1-mm steps beginning at the 
DRG. The five longest axons (and their respective mean 
lengths) from each construct were traced and measured 
with the SNT Neuroanatomy plugin using the pathfinder 
tool.43 Only the longest axonal sprouts were measured in 
case of branching of individual axons.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 
7, and data is presented as box and whiskers plots. Data 
were checked for normal distribution using the Shapiro-
Wilk normality test and evaluated using Two-Way ANOVA 
with Tukey or Sidak post-tests to perform multiple 

comparisons, or using unpaired t-test as indicated in the 
figure legends.

Results

Application of different strain regimes strongly 
affects Schwann cell (SC) alignment

For the generation of biomimetic bands of Büngner-like 
constructs, SCs were embedded in ring-shaped fibrin 
hydrogels and subjected to different types of tensile strain 
after an initial resting period of 48 h (Figure 1(a)–(d)). 
Scaffolds that were cultivated floating inside medium 
without mechanical strain (unstimulated control) showed a 
random orientation of SCs inside the hydrogel (Figure 
1(e)). To compare the effects of a cyclic and a static stimu-
lation protocol, scaffolds of both groups were first sub-
jected to 10% static strain on day 2 until day 4, and 
subsequently either subjected to alternating cycles of 12% 
or 3% cyclic strain for 6 h each at 250 mHz (Figure 1(c) 
and (d)), or to 12% constant static strain for the remaining 
72 h (Figure 1(c)). While the application of cyclic tensile 
strain only resulted in minor alignment of SCs, static strain 
induced a higher degree of alignment along the axis of 
strain (Figure 1(e)). To assess whether SC alignment can 
be further optimized, we employed a ramp strain protocol 
with a 2% increase of static strain every day, resulting in 
20% relative deformation of scaffolds on day 7 of cultiva-
tion (Figure 1(c)). Indeed, this stimulation protocol 
resulted not only in superior SC alignment, but also in 
higher SC elongation compared to the other groups (Figure 
1(e)). Analysis of SC orientation confirmed these morpho-
logical observations: after cyclic stimulation, SC deviation 
from the axis of strain was 1.7 ± 15.05°, −2.25 ± 6.35° 
after static and −0.2 ± 5.16° after ramp strain (Figure 1(f)). 
Based on these findings, we selected the ramp strain proto-
col for the generation of highly aligned SC constructs 
resembling bands of Büngner for all further experiments.

Incremental static strain induces the generation 
of tissue-engineered bands of Büngner

To more closely investigate the effect of the incremental 
static mechanical stimulation (“ramp”) on SC morphology 
and orientation, immunofluorescence staining was per-
formed at different time points. Analysis of constructs on 
the day of preparation of fibrin hydrogels (d0) showed that 
SCs were evenly distributed and displayed a rounded mor-
phology (Figure 2(a)). Although SCs started to elongate 
within 24 h after embedding, some cells still remained in 
their rounded shape (Figure 2(b)), thereby highlighting the 
importance of the initial 48-h resting period prior to the 
onset of mechanical stimulation to allow the cells to adapt 
to their new 3D environment. Two days after encapsulation 
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in fibrin, SCs showed their characteristic bi- or multipolar, 
elongated morphology. As expected, SC constructs that 
were cultivated as unstimulated controls showed random 
orientation inside fibrin hydrogels, whereas initial align-
ment of cells along the axis of strain could be observed as 
early as 15 min after the (initial) onset of 10% static strain 
(Figure 2(c)). Static strain was subsequently incremented 
by 2% every day, resulting in the application of 20% static 
strain on day 7 of cultivation inside fibrin hydrogels, which 
induced the formation of highly aligned SCs along the axis 
of strain that resemble bands of Büngner-like structures. In 
contrast, unstimulated SCs displayed a random orientation 

even after 7 days inside the fibrin hydrogels (Figure 2(d)). 
Quantitative analysis of SC orientation further corrobo-
rated these morphological observations, showing that SCs 
in unstimulated control constructs covered a broad range of 
orientations on both day 2 and day 7 of cultivation (devia-
tion from axis of strain 11.1 ± 29.77° and 3.09 ± 35.6°, 
respectively). In contrast, mechanically stimulated con-
structs showed that already 15 min of static tensile stress 
induced SC alignment, resulting in an orientation deviating 
1.48 ± 14.44° from the axis of strain. As expected, align-
ment was further improved throughout the cultivation 
period with incremental strain, resulting in 3.02 ± 9.95° 

Figure 2.  Generation of bands of Büngner-like constructs using mechanical stimulation: (a) directly after embedding in fibrin 
hydrogels (d0), Schwann cells appeared rounded, (b) after 24 h (d1), most Schwann cells showed an elongated morphology, while 
some cells still appeared rounded, (c) 2 days after scaffold fabrication, cells showed their characteristic bipolar morphology. Cells 
in unstimulated control constructs oriented randomly inside the hydrogel, while Schwann cell alignment could already be observed 
15 min after the onset of 10% static strain, (d) after 7 days in fibrin hydrogels, Schwann cells remained in their random orientation in 
unstimulated control constructs, while pronounced alignment of Schwann cells, resembling the formation of bands of Büngner, was 
induced by the incremental application of strain to 20% on day 7. Cells were stained for the glial marker S100 (green) and nuclei 
were counterstained with DAPI (blue). Scale bars indicate 200 µm, and (e) analysis of Schwann cell orientation in unstimulated 
controls (gray) and strained constructs (blue) on day 2 and day 7 of cultivation, shown as deviation from the axis of strain (scatter 
plot with mean ± SD) and as relative frequency distribution histograms. N = 4, n = 4.
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deviation of SC orientation from the axis of strain on day 7 
(Figure 2(e)).

Mechanical stimulation of Schwann cells 
enhances the expression of pro-regenerative 
genes

Following the morphological observation of pronounced 
SC alignment after the application of incremental static 
strain, we aimed to assess whether the occurrence of these 
tissue-engineered bands of Büngner is accompanied by a 
repair SC phenotype on a transcriptional level. Therefore, 
we analyzed the expression of different pro-regenerative 
as well as myelin-associated markers that are known to be 
involved in the process of adaptive cellular reprograming. 
Expression of the pro-regenerative genes BDNF, p75NTR, 
and NGF was significantly increased at the end of the 
mechanical stimulation period (d7 strain) compared to 

unstimulated controls of both day 2 and day 7 (Figure 
3(a)–(c)). These findings indicate that mechanical stimula-
tion of SCs not only induces cellular alignment resembling 
the naturally occurring bands of Büngner, but also pro-
motes the expression of genes associated with the repair 
SC phenotype.

Furthermore, the increase of pro-regenerative markers 
was accompanied by a significant, fivefold expression 
downregulation of Krox20, the key transcription factor for 
SC myelination, at the end of the mechanical stimulation 
period compared to day 2 controls. Interestingly, Krox20 
expression was significantly upregulated 15 min after the 
onset of 10% static strain (d2 strain); however, this upreg-
ulation was only transient and followed by a significant 
downregulation of Krox20 expression in day 7 constructs 
(Figure 3(d)). In contrast, the expression of MPZ did not 
show significant changes throughout the cultivation period 
(Figure 3(e)), indicating the general pro-regenerative 

Figure 3.  Mechanical stimulation enhances the expression of pro-regenerative markers. mRNA expression levels of the pro-
regenerative genes BDNF (a), p75NTR (b), and NGF (c), as well as of the myelin-associated Krox20 (d) and MPZ (e) were assessed 
15 min after the onset of strain (d2) and 15 min after the last increment to 20% strain (d7) by qPCR. GAPDH was used as a 
housekeeping gene. Dotted red lines indicate expression fold change of Schwann cells grown in 2D relative to d2 control. Data 
shown as Box and Whisker plot (min to max). N = 3, n = 9; Two-way ANOVA with Tukey’s multiple comparison test.
*p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
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nature of SCs in vitro in the absence of axons. Moreover, 
expression of BDNF and p75NTR was increased in both 
control and strained scaffolds compared to cells cultivated 
in 2D without fibrin (Figure 3(a) and (b), dotted red line), 
whereas expression of Krox20 and MPZ seemed to be 
unaffected by cell cultivation in fibrin (Figure 3(c) and (d), 
dotted red line).

3D cultivation in fibrin but not strain activates 
mechanosensing pathways

The ability of cells to sense mechanical cues and the sub-
sequent conversion into biochemical signals strongly 
impacts cell behavior, including morphology, adhesion, 
migration, regeneration, and disease. While current 
research mainly focuses on the influence of substrate stiff-
ness and topography, studies investigating the effect of 

tensile stress on SCs are scarce. Therefore, we here aimed 
to investigate the effects of mechanical stimulation on 
SCs by analyzing signaling pathways known to be 
involved in stress response as well as in the regulation of 
SC plasticity (Figure 4(a)). Phosphorylation of focal 
adhesion kinase (FAK), which is involved in mechano-
sensing and cell migration, was significantly increased in 
d7 constructs compared to d2 controls (Figure 4(b)), and 
furthermore, this increase was stronger in strained than 
control constructs (p = 0.012 ctrl vs p = 0.0077 strain). In 
addition, since mitogen-activated protein kinase (MAPK) 
signaling pathways have been proposed to be involved in 
both SC plasticity and response to extracellular stimuli, 
we aimed to assess the activation of the MAPK signal 
transducers extracellular signal-regulated kinases 1 and 2 
(ERK1/2) and p38. Although we observed higher ERK1/2 
activation in all 3D fibrin constructs compared to 2D 

Figure 4.  Activation of signaling pathways involved in the stress response and Schwann cell plasticity: (a) representative Western 
blot scans (of three independent experiments) are shown. Samples were lysed 15 min after the onset of strain (d2) and 15 min after 
the last increment to 20% strain (d7). Activation of FAK (b), ERK1/2 (c), and p38 (d) was calculated as the ratio of phosphorylated 
protein to the loading control GAPDH and normalized to d2 control. Dotted red lines indicate protein expression fold change 
of Schwann cells grown in 2D relative to d2 control. Data shown as box and whisker plot (min to max). N = 3, n = 9; Two-way 
ANOVA with Tukey’s multiple comparison test.
*p < 0.05. **p < 0.01. ***p < 0.001.
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cultured SCs, the application of mechanical strain did not 
affect the activation of this pathway (Figure 4(c)). While 
p38 activation was also significantly increased in both 
control and strained constructs on d7 compared to d2 con-
trols (Figure 4(d)), this increase was stronger in strained 
than control constructs (p = 0.0388 ctrl vs p = 0.0054 
strain). Furthermore, activation of all signaling pathways 
was higher in fibrin constructs compared to cells culti-
vated in 2D without fibrin (Figure 4(b)–(d), dotted red 
line), thereby indicating that the 3D fibrin environment 
affects mechanosensing pathways.

Tissue-engineered bands of Büngner guide 
sensory axon migration of dorsal root ganglion 
explants

Since we showed that mechanical stimulation leads to an 
enhanced pro-regenerative SC phenotype as well as pro-
nounced alignment of cells on a molecular and morpho-
logical level, we subsequently aimed to evaluate the effect 
of these tissue-engineered bands of Büngner on sensory 
neurite outgrowth and guidance. Therefore, the ring-
shaped SC constructs were retrieved from the MagneTissue 
bioreactor and cut into two pieces. To study axon regenera-
tion, we inserted DRGs from neonatal rats into one end of 
the construct and cultivated them for additional 7 days 
without mechanical stimulation in self-made PDMS 
devices. As expected, longitudinally aligned SCs seemed 
to guide migrating axons, thereby promoting superior axon 
outgrowth and elongation (Figure 5). In contrast, axon out-
growth in unstrained controls appeared more disorganized, 
most likely as a result of randomly oriented SCs (Figure 
5). Furthermore, alignment of SCs could be maintained 
even 7 days after the end of the application of strain, and 
this stability of cellular anisotropy represents an important 
prerequisite for clinical application.

Quantification of axon outgrowth revealed that the total 
area covered by axons was significantly higher in strained 
constructs compared to unstrained controls (Figure 6(a)). 
Moreover, the tissue-engineered bands of Büngner con-
structs resulted in longer sensory axon migration (Figure 
6(b)). Furthermore, constructs with mechanically aligned 
SCs facilitated axon migration over longer distances 
(Figure 6(c)).

These findings demonstrate that mechanical stimula-
tion induces longitudinal alignment of SCs, which was sta-
ble even after withdrawal from mechanical stimulation, 
resembling putative bands of Büngner-like structures. 
Moreover, longitudinal alignment by mechanical stimula-
tion also leads to enhanced expression of repair-promoting 
genes and furthermore promotes sensory axon outgrowth. 
These findings indicate that the generation of tissue-engi-
neered bands of Büngner-like structures using mechanical 
stimulation might offer great therapeutic potential for 
implantation into patients, and could furthermore serve as 

a promising and physiologically relevant in vitro periph-
eral nerve model.

Discussion

Peripheral nerve injuries can have a devastating impact on 
patients’ quality of life, and treatment of nerve lesions 
remains a major challenge, often resulting in slow and 
even incomplete recovery. In addition, the use of autolo-
gous nerve transplants—still the current gold standard 
treatment—is associated with detrimental side effects, 
such as donor side morbidity, neuroma formation, or lim-
ited donor nerve availability.9 Hence, tissue engineering 
strategies aim to develop suitable alternatives, such as 
decellularized allografts and NGCs. However, these acel-
lular options typically fail to achieve functional recovery 

Figure 5.  Axon outgrowth from rat neonatal dorsal root 
ganglion explants inserted into 3D tissue-engineered bands of 
Büngner constructs and unstimulated control hydrogels after 
7 days of co-cultivation. Unorganized axon outgrowth was 
observed in unstimulated control constructs (top panel), while 
highly aligned axon migration was present in mechanically aligned 
Schwann cell constructs (bottom panel). Constructs were 
stained for Neurofilament (green) to visualize axons and the 
glial marker S100 (red) to visualize Schwann cells; nuclei were 
counterstained with DAPI (blue). Scale bars indicate 1 mm or 
100 µm for whole mount scans or magnified areas, respectively.
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of segmental nerve lesions exceeding 3 cm, presumably 
due to limited SC infiltration into the graft, often associ-
ated with loss of repair phenotype and senescence.11,44 
Therefore, the addition of exogenous SCs expressing and 
maintaining a repair phenotype presents a promising strat-
egy to enhance peripheral nerve repair. In this study, we 
aimed to establish tissue-engineered bands of Büngner 
constructs via the application of mechanical strain to 
fibrin-based hydrogels containing primary SCs. The 
thereby created tissue-engineered bands of Büngner could 
be used as luminal fillers of NGCs in order to potentially 
replace nerve autografts, currently used in clinics. To the 
best of our knowledge, we for the first time show that 
direct mechanical stimulation of SCs not only induces 

longitudinal alignment of cells along the axis of strain 
resembling bands of Büngner, but also leads to the expres-
sion of a pronounced repair SC phenotype. Both the 
expression of regeneration-promoting factors and provi-
sion of physical guidance structures supported axon migra-
tion over several millimeters in vitro.

These 3D tissue-engineered bands of Büngner were 
created using a custom-made strain bioreactor system, 
called MagneTissue, initially developed by our group to 
engineer skeletal muscle-like constructs.34,35 With this bio-
reactor, controlled mechanical strain (% of deformation, 
frequency, cycle numbers) can be applied to cells embed-
ded in hydrogels via magnetic force transmission. Here, 
we used primary SCs isolated from rat sciatic nerves 

Figure 6.  Quantification of axon outgrowth 7 days after inserting rat neonatal dorsal root ganglion explants into tissue-engineered 
bands of Büngner and control constructs: (a) the area covered by axons was quantified for whole constructs as well as in 1-mm 
segments from the dorsal root ganglion, (b) quantification of the five longest axons observed in each construct, (c) percentage 
of constructs reaching the specified distance. Data shown as Box and Whiskers (min to max with all data points) (a and b) or as 
connected line (c). N = 3, n = 9, or n = 10 for control and strain, respectively. Two-way ANOVA with Sidak’s multiple comparison 
test (a) and unpaired t-test (b).
*p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
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embedded in fibrin hydrogels. Fibrin is particularly suita-
ble for peripheral nerve tissue engineering, since the for-
mation of a fibrin cable between the lesioned nerve stumps 
during the initial stages of nerve repair provides an impor-
tant provisional matrix for SC proliferation and migration, 
leading to the formation of bands of Büngner that bridge 
the defect.45,46 In fact, early in vivo studies suggested that 
SC proliferation and migration was inhibited due to the 
lack of fibrin cable formation in larger defects, thereby 
hindering nerve regeneration.47,48

Although several approaches attempted to create 
aligned SC constructs to mimic bands of Büngner struc-
tures, mainly based on seeding of cells on structured sur-
faces,21–25 we, to the best of our knowledge, for the first 
time report the successful establishment of 3D tissue-engi-
neered bands of Büngner-like tissue structures by incorpo-
rating active mechanical stimulation in a 3D SC culture 
model. We showed that the type of tensile stress applied 
strongly influenced SC alignment, as static strain induced 
more pronounced alignment than cyclic strain. In particu-
lar, the application of an incremental static strain (“ramp”) 
protocol was found to be superior in inducing SC align-
ment resembling bands of Büngner compared to constant 
static strain. Since fibrin is a viscoelastic biomaterial, the 
hydrogel likely adapted to the applied load upon constant 
strain, thereby causing the effect of the mechanical stimu-
lus to diminish over time in the static strain group, a phe-
nomenon that was mitigated by a daily increase in the load 
of 2%.

Considering that peripheral nerves are exposed to 
mechanical forces during their entire lifespan—ranging 
from increasing stiffness during morphogenesis to 
stretches and compressions from daily activities—mechan-
ical stress likely also plays a pivotal role in regulating SC 
plasticity.31–33 Nevertheless, studies on SC mechanobiol-
ogy are still scarce and mostly focus on how stiffness and 
topography affect SC adhesion, shape, migration, or mye-
lination,49–51 but only rarely on how they are affected by 
tensile stress. Similar to our results, Zhang et al.38 reported 
that subjecting a 2D SC monolayer to cyclic tensile stress 
in vitro induced downregulation of the myelin transcrip-
tion factor Krox20, as well as an upregulation of BDNF 
expression and secretion. Chen et al.52 embedded SCs in 
3D auxetic gelatin-methacryloyl hydrogels and subjected 
them to cyclic tensile stress, which resulted in increased 
proliferation, increased GDNF and NGF protein expres-
sion, as well as increased NGF secretion. However, none 
of these studies investigated the effect of strain on cell 
alignment, nor on axon regeneration.

Here, we provide evidence that static strain induces the 
expression of a repair SC phenotype, which was character-
ized by the upregulation of the pro-regenerative genes 
BDNF, p75NTR, and NGF along with a downregulation of 
the pro-myelinating transcription factor Krox20 compared 
to unstimulated controls. Among the pro-regenerative 

genes investigated, BDNF showed the strongest upregula-
tion in response to mechanical stimulation. The neurotro-
phins BDNF and NGF belong to the neurotrophic factor 
family and bind to the tropomyosin receptor kinase (Trk) 
receptors with high affinity, which is known to promote 
axon survival and growth during nerve regeneration. In 
addition, neurotrophins also interact with the p75NTR 
receptor with low affinity, which is not expressed in intact 
nerves, but rapidly upregulated upon injury.53–55 In fact, 
p75NTR has been reported to play a dual, controversial role 
during peripheral nerve regeneration, with some studies 
finding that p75NTR is essential for nerve regeneration,56–58 
while others showed its effect on impaired regenera-
tion.59–61 As summarized in reviews, p75NTR signaling is 
highly complex and the responses it elicits seem to largely 
depend on its interaction partner: while complexing with 
the Trk receptors increases neurotrophin affinity and con-
sequently enhances axon survival and growth, independ-
ent p75NTR signaling has been associated with apoptosis 
and impaired nerve regeneration.54,55,62 In our study, we 
hypothesize that the increased p75NTR expression—
together with enhanced BDNF and NGF expression—in 
mechanically strained constructs contributed to improved 
regeneration, since we observed improved axon elonga-
tion in these constructs and could not see signs of enhanced 
apoptosis.

Although we here, for the first time, describe the gen-
eration of highly aligned SC constructs using active exter-
nal mechanical stimulation, a more thorough 
characterization of the established structures is required to 
corroborate that the formed structures indeed represent the 
formation of bands of Büngner. Hence, we aim to analyze 
N-Cadherin expression at intercellular SC junctions63,64 in 
future experiments. Moreover, we also aim to investigate 
whether the expression of repair-promoting genes induced 
by mechanical stimulation of SCs can be maintained after 
the withdrawal of strain.

Furthermore, we also aimed to assess signaling path-
ways involved in stress response and SC reprograming. 
Interestingly, the investigated signaling pathways did not 
seem to be greatly affected by the application of strain. 
However, cultivation of SCs in 3D fibrin hydrogels seemed 
to induce activation of FAK and the MAPK-ERK1/2 and 
p38 pathways, all of which are involved in SC plastic-
ity.65–69 It has been suggested that ERK1/2 activation initi-
ates the SC response to nerve lesions by inducing SC 
proliferation, dedifferentiation, and myelin breakdown.66,67 
Furthermore, Akassoglou et  al.70 reported that cellular 
binding to fibrin induces ERK1/2 phosphorylation in SCs, 
which is in accordance with our observation of increased 
ERK1/2 activation in SC fibrin constructs compared to 
cells cultivated in 2D in the absence of fibrin. Similarly, 
we also observed increased p38 activation in control as 
well as strained samples on day 7 compared to day 2 con-
trol constructs; however, p38 phosphorylation was stronger 
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in strained constructs compared to unstimulated controls, 
suggesting that mechanical stimulation might support the 
SC repair phenotype via the p38 MAPK pathway. Indeed, 
p38 has been shown to mediate SC plasticity by promoting 
SC dedifferentiation, demyelination as well as align-
ment.68,69 Furthermore, we also aimed to analyze FAK 
phosphorylation, since its activation by integrins triggers 
important mechanosensing signaling pathways that regu-
late cell adhesion, migration, and survival.71,72 In this 
study, we observed significantly increased FAK phospho-
rylation in SC constructs irrespective of the application of 
strain. This might have been triggered by binding of the 
SCs’ integrin receptor αVβ8 to the fibrin RGD sequence.73 
Moreover, FAK was shown to sustain the SCs’ prolifera-
tive state and to prevent premature differentiation.74 Taken 
together, our findings suggest that our established con-
structs show repair-promoting characteristics, as evi-
denced by the expression of pro-regenerative genes as well 
as by the upregulation of signaling pathways known to be 
involved in SC reprograming.

Based on our findings that the application of strain 
induces repair-promoting characteristics on a molecular 
level, that is the expression of pro-regenerative genes and 
activation of signaling pathways known to mediate SC 
reprograming, as well as morphologically, that is the for-
mation of bands of Büngner, we further assessed axonal 
outgrowth from neonatal rat DRG explants to prove the 
pro-regenerative potential of the tissue-engineered bands 
of Büngner. DRGs inserted into aligned SC constructs 
showed extensive and significantly longer axon outgrowth 
compared to control constructs. As discussed by Panzer 
et al.,30 the previously reported axon growth rate on aligned 
SCs in vitro was limited to 334 µm/day.25,75,76 In another 
study, Malheiro et al.77 reported an axonal growth rate of 
<430 µm/day on constructs with SCs seeded onto electro-
spun scaffolds, which were embedded into fibrin hydro-
gels. Here, we observed an average maximal growth rate 
of 727 µm/day when analyzing the constructs after 7 days 
of culture using DRGs embedded in a rather dense 3D 
fibrin matrix. In contrast, Panzer et  al.30 could observe 
axon migration of even 1.166 µm/day after 4 days, but on 
the intraluminal surface of SC-seeded hollow hydrogel-
based micro-columns. However, we must emphasize that 
we determined the axon growth rate based on the axon 
length on day 7 of culture and hence, we cannot exclude 
the possibility that axon growth is faster during the first 
days of culture than in later time points.

Furthermore, aligned SCs seemed to improve axon 
directionality compared to randomly oriented SCs in con-
trol constructs. Remarkably, immunofluorescence staining 
revealed that SC alignment could be maintained even after 
7 days of withdrawal from mechanical strain, which is an 
important prerequisite for application in vivo. This high-
lights the great therapeutic potential of our tissue-engi-
neered bands of Büngner constructs, which might provide 
a promising alternative to nerve autografts when used as 

an intraluminal filler in NGCs. One major advantage com-
pared to the limited availability of nerve autografts is the 
variable length of tissue-engineered bands of Büngner 
constructs we are able to engineer with our approach (cur-
rently 3 cm in length), while the required thickness can be 
adjusted by stacking several constructs together. In future 
studies, we aim to compare the regenerative potential of 
the tissue-engineered bands of Büngner with nerve auto-
grafts in a rat peripheral nerve defect model. In addition to 
the therapeutic potential, our tissue-engineered bands of 
Büngner hold great promise for the establishment of a bio-
mimetic in vitro peripheral nerve model. In fact, there is a 
growing demand for physiologically relevant 3D nerve tis-
sue models to improve clinical translatability of novel 
drugs and reduce animal experimentation. Additionally, 
such models offer helpful platforms to study pathologic 
and regenerative processes of the peripheral nervous sys-
tem. Consequently, to establish such a model we will strive 
to induce myelination in the co-cultures of tissue-engi-
neered bands of Büngner with DRGs. At this point, we 
cannot predict the SCs’ remyelination ability in our con-
structs, since myelination in rodent models has been 
described to occur only after approximately 28 days in 
vitro with the addition of ascorbic acid,78 whereas our co-
culture model was only kept in culture for 7 days.

In conclusion, in this study, we could show for the first 
time that mechanical stimulation can be used to induce the 
formation of tissue-engineered bands of Büngner-like 
structures in a hydrogel matrix, and cellular anisotropy 
was stable even after the end of the mechanical stimulation 
protocol. Moreover, mechanical stimulation also promoted 
the expression of a pronounced and sustained repair SC 
phenotype, which promoted axon migration. These con-
structs therefore not only hold great therapeutic potential 
for implantation into patients but could also serve as a 
promising and physiologically relevant in vitro peripheral 
nerve tissue model for drug screening or to investigate dis-
eases as well as regenerative processes.
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