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KURZFASSUNG 
Läsionen peripherer Nerven betreffen 5% aller traumatischen Verletzungen (etwa 300.000 
Fälle pro Jahr in Europa) und sind eine häufige Ursache für langwierige 
Krankenhausaufenthalte, die wiederum das Gesundheitssystem belasten. Der goldene 
Standard zur Behandlung peripherer Nervenläsionen ist das autologe Nerventransplantat, 
dessen Einsatz allerdings durch begrenzte Verfügbarkeit transplantierbarer Nerven limitiert 
ist. Weiters führt das autologe Nerventransplantat nicht immer zu funktionell 
zufriedenstellenden Ergebnissen. In dieser Dissertation wurden mehrere vielversprechende 
alternativen Ansätze zur Verbesserung der peripheren Nervenregeneration getestet.  

Schwann’sche Zellen und deren Phenotypwechsel-assoziierte Formung von Büngner Bändern 
sind sowohl eine Vorraussetzung, als auch ein kritischer Faktor in der Nervenregeneration. 
Isolierung, Kultivierung und Reimplantation an die Defektstelle haben sich als große 
Herausforderung herausgestellt. Alternativen zu nativen Schwann’schen Zellen wurden in der 
Differenzierung von mesenchymalen Stammzellen in Richtung “Schwannzell-artige Zellen” 
gefunden. Kapitel I beschreibt die “Extrakorporale Stoßwellentherapie” als Methode zur 
Verbesserung von Schwannzell Isolierung und Kultivierung, aber auch zur Steigerung der 
Differenzierungseffizienz von mesenchymalen Stammzellen Richtung Schwannzell-artige 
Zellen. 

Luminale Füllungen in Nervenkonduits stehen seit mehreren Jahren im Fokus 
wissenschaftlicher Diskussionen. Meinungen und Ideen reichen von Gelen, über Einzelfasern 
in unterschiedlicher Anzahl und Durchmesser, Kombination von Gelen und Fasern, 
Multikanal-Tuben, bis hin zu verschiedenen Wachstumsfaktoren und /oder Zellen. In Kapitel 
II wurde mit Hilfe von Elektrospinning eine parallel ausgerichtete Faserstruktur aus Fibrin 
und PGLA hergestellt, mit Schwannzellartigen Zellen besiedelt und für den potentiellen 
Einsatz in vivo getestet. 

Kapitel III konzentriert sich auf Seidenfibroin als neuartiges Nervenkonduitmaterial, seiner 
Herstellung und Funktionalisierung. Durch die exzellente Biokompatibilität ist Seidenfibroin 
ein interessanter Kandidat für die Überbrückung von Nervendefekten. Wir beschreiben eine 
neuartige Methode um Seidenfibrointuben mechanisch und topographisch so zu verändern, 
dass diese als Nerventubus verwendet werden können. Der gewebte Tubus aus roher Seide 
wird aufeinanderfolgend degummiert mit einem Boratpuffersystem und mit einem ternären 
Lösungsmittel (CaCl2/H2O/Ethanol), Ameisensäure und Methanol behandelt. Um die 
Adhäsion, Viabilität und Proliferation von Schwannschen Zellen zu verbessern, wurde ein 
Protokoll entwickelt um Laminin kovalent an Seide zu binden.  
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ABSTRACT 
Peripheral nerve injuries show a prevalence of about 5% of traumatic injuries (approximately 

300.000 cases per year in Europe) and are a frequent cause of hospitalization, displaying a 

major burden to patients, and the social health-care systems and the economy. Injuries to 

peripheral nerves often result in large defects in the continuity of the severed nerve. Bridging 

of a large defect with an autologous interfascicular nerve graft is considered to be the gold 

standard. Albeit it is best available treatment, transplantation of an autologous nerve graft 

does not always provide a satisfactory outcome. In this thesis several alternative approaches 

have been developed to improve peripheral nerve regeneration.  

Schwann cells are a crucial factor in peripheral nerve regeneration. Isolation, culture and re-

implantation to the defect site have been proven to be challenging. Alternatives to native 

cultures are mesenchymal stem cells differentiated into Schwann cell-like cells. Chapter I 

illustrates the method “Extracorporeal Shockwave Treatment” to facilitate native Schwann 

cell isolation and culture, and to improve differentiation of mesenchymal stem cells into 

Schwann cell-like cells. 

Nerve conduit luminal fillers have been topic of discussion for many years. Ideas of an ideal 

luminal filler range from gels, to single fibres of different diameters and number, to composite 

gel/fibre fillers, multiple channels containing different growth factors and/or cells. In chapter 

II we investigated electrospinning as a method to align fibrin/PGLA fibres to create a 

biomimicking tissue-like material seeded with Schwann cell-like cells in vitro for potential 

use as an in vivo scaffold.  

Chapter III focuses on a novel nerve conduit material, its fabrication and functionalization. 

Due to its excellent biocompatibility silk fibroin has attracted considerable interest as a 

biomaterial for use as a conduit in peripheral nerve regeneration. We describe a novel 

procedure to produce silk fibroin nerve conduits: a braided tubular structure of raw Bombyx 

mori silk is subsequently degummed with a borate buffer system and processed with the 

ternary solvent CaCl2/H2O/ethanol, formic acid and methanol to improve its mechanical and 

topographical characteristics. Furthermore a protocol has been established to covalently bind 

laminin to silk fibroin utilizing carbodiimide chemistry, resulting in improved adhesion, 

viability and proliferation of Schwann cells. 
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General Introduction 
Background 

Peripheral nerve injuries show a prevalence of about 5% of traumatic injuries (approximately 

300.000 cases per year in Europe (1)) and are a frequent cause of hospitalization, displaying a 

major burden to patients, and the social health-care systems and the economy (2). The 

treatment of complete transections of a nerve trunk - are either direct end-to-end coaptation of 

opposing nerve stumps for small gap lengths (< 5mm) or the use of autograft tissue (the sural 

nerve is the most used donor nerve) for longer gap lengths. However, such treatments are not 

ideal solutions, as direct suturing is only possible for a small sub-set of injuries, whereas the 

use of a nerve autograft, when available with appropriate length and thickness, may induce a 

neurological deficit at the donor site. Moreover, in long nerve defect injuries or in major 

nerve injuries like the sciatic nerve the grafts needed for interfascicular reconstruction are not 

available due to a limited source. 

The main advantage of nerve autografts is their morphologically native structure, which 

provides not only guiding structures and the ideal tissue density, but also Schwann cells 

producing extracellular matrix molecules favourable for outgrowing axons into the distal 

nerve stump. However, transplantation of an autologous nerve graft does not always provide a 

satisfactory outcome (3). A growing body of literature states the inferiority of sensory 

compared to motor nerve grafts in regard to re-innervation and functional outcome. It is 

evident that peripheral sensory nerves are still used as autografts because loss of motor 

function is not acceptable. Finding alternatives for autologous nerve grafting has become one 

of the major topics of investigation in the field of regenerative medicine in the last decades. 
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The human nervous system 
The human nervous system is comprised of billions of connected nerve cells, responsible for 

motor functions, cognitive functions, processing incoming information and regulating vital 

functions such as breathing and the hormonal balance. It is divided into the central nervous 

system (CNS) and the peripheral nervous system (PNS). The two parts of the CNS are the 

brain and the spinal cord; ganglia and nerves exterior the brain and spinal cord build the PNS. 

The most apparent difference between the CNS and the PNS is the processing of information: 

while the CNS is responsible to handle all involuntary information, the (PNS) handles 

voluntary information. 

Transmitting information from the CNS, nerves are called “motor neurons” and the process of 

transmission “efferent”, while transmission into the CNS is called “afferent” and the nerves 

“sensory neurons”. (4) 

 

Figure 1: Schematic depiction of the CNS and PNS (http://www.nf2is.org/nerves.php), and peripheral nerve 
anatomy (3) 

Nerve anatomy. A neuron is segmented in the perykaryon - the cell body - and the axon and 

dendrites - the cell extensions. In the peripheral nervous system, Schwann cells are wrapped 

around an axon producing myelin, which acts as an insulator and enables the saltatoric 

conduction. Their cell organelles are exterior to the myelin sheath. Between the individual 

Schwann cells, there are the Nodes of Ranvier, which are gaps of approximately 1 µm in 

length, responsible for the saltatoric conduction. The Schwann cells, including the Nodes of 

Ranvier, are again surrounded by mostly longitudinal fibrous connective tissue, the basal 

lamina (4). Together, the Schwann cells and the basal lamina build the endoneurium. The 

perineurium embraces a variable number of nerve fibres to a fascicle and consists of the 

fibroblastic interior pars epithelialis and the exterior connective tissue, the pars fibrosa. Tissue 
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between the fascicles is called epineurium, the epineural sheath builds the surrounding layer 

on the outside. With collagen and elastic fibres it is responsible for the flexibility and tear 

strength of the nerve fibres and integrates blood vessels.   

 

Peripheral Nerve Injury and Regeneration 
Historically Sir Herbert Seddon was the first to categorize nerve injuries according to their 

severity: neuropraxia, axonotmesis and neurotmesis. Neuropraxia describes a defect where 

the axon, myelin sheath and epineurium are damaged but not disrupted. In axonotmesis the 

axon and myelin sheath are disrupted, but the epineurium remained intact. Neurotmesis is the 

disruption of the axon and all protective structures, including the epineurium. (4) 

In the 1950 severity of a nerve injury was further divided into five categories, according to a 

scale established by Sidney Sunderland. Starting with the first degree injury, where continuity 

of the nerve preserved and spontaneous recovery occurs after minutes to weeks, the categories 

increase in severity until degree five, where the axon and all encapsulating structures are 

disrupted and nerve recover is not possible unless surgically intervened (Table 1). (5) 

Sunderland Terminology Description 

First degree 
• Nerve in continuity 
• Compression of ischemic etiology 
• Local conduction block 
• Spontaneous recovery in minutes to weeks 

Second degree 

• Injury to axon 
• Encapsulation structures intact 
• Wallerian degeneration occurs 
• Recovery 1-3 mm per day 
• Spontaneous recovery is length dependent  

Third degree 
• Injury to axon 
• Endoneurium disrupted, epineurium and perineurium intact 
• Wallerian degeneration occurs 
• Spontaneous recovery is length dependent 

Fourth degree 

• Injury to axon 
• Disruption in all encapsulating elements, but epineurium is 

intact 
• Wallerian degeneration occurs 
• Requires surgical intervention for recovery 

Fifth degree 
• Injury to axon 
• Disruption in all encapsulating elements 
• Wallerian degeneration occurs 
• Requires surgical intervention for recovery 

Table 1: Sunderland Classification of Peripheral Nerve Injuries; Adapted from Carp 2015 (6) 
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After peripheral nerve injury, a rapid process of degenerative events called “Wallerian 

degeneration” occurs. The degenerative processes are again followed by regenerative events 

(depicted in Figure 2), provided that the injured nerve stumps are in close vicinity and the 

regenerating axons from the proximal stump are able to enter the vacated endoneural sheaths 

in the distal stump. 

 

Figure 2: Scheme of the degeneration and regeneration of a dissected motor axon, illustrating the acute phase, 
subacute phase, later stages and re-innveration. 1: perikaryon; 2: proximal segment of the axon; 3: Schwann cell; 
4: basal lamina; 5: proliferating Schwann cell; 6: myelin sheath; 7: myelin debris; 8: macrophage; 9: Bands of 
Büngner; adapted from (4) 

	  

In the acute phase (1-4 days after neurotmesis) the distal part of the axon undergoes 

Wallerian degeneration and resident Schwann cells start to proliferate. Proximal to the injury 
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Wallerian degeneration only takes place up to the first internode. This process is accompanied 

by local inflammation mainly due to the activation of resident macrophages (7) and 

infiltration of macrophages through the epineurium (8). 

After 10 to 21 days (subacute phase) atrophy of the target muscle can be seen and the bands 

of Büngner are formed by proliferating Schwann cells. Removal of myelin and axonal debris 

is achieved by Schwann cells and recruited macrophages. The proximal stump of the axon 

already shows sprouting and the motor end plate is degenerating. 

In later stages of axonal regeneration proliferating Schwann cells align to form the bands of 

Büngner and restructure the extracellular matrix that contains growth-promoting molecules 

such as laminin and fibronectin. The growth cone of the regenerating axons actively 

synthesizes transmembrane integrin molecules, for example, integrin-type alpha5-beta1, 

which interacts with fibronectin, thereby ensuring the axonal growth. Atrophy of the muscle 

advances, the chromatolysis of the rough endoplasmatic reticulum is regressing. (4) 

	  

The gold standard and other approaches 
In peripheral nerve injuries accompanied by segmental loss, spontaneous regeneration does 

not occur. Therefore autologous nerve grafting is necessary in order to bridge the gap and 

restore continuity of the nerve. Interfascicular grafting is recommended (9). Nerve fascicles 

are resected from a solely sensitive donor nerve and transplanted between the proximal and 

the distal stump. The graft provides the ideal nerve conduit concerning adhesion molecules 

and neurotrophic factors, once it underwent Wallerian degeneration. Due to the common need 

for long grafts, the sural nerve is by far the nerve used most for autografting. 

The use of artificial tubular conduits to restore continuity of the proximal and distal stump of 

a transected nerve has been the subject of a large number of investigations (over 600 

publications on Pubmed). Nerve stumps are placed inside a biological or synthetic tube and 

sutured to it. The tube protects the nerve gap from ingrowth of connective tissue and 

axoplasmic fluid is retained at the defect site. However, regeneration inside a hollow tube 

differs from autografting, as the regenerative matrix is not remodelled from existing tissue, 

but has to be newly established. Regeneration occurs in five phases, shown in Figure 3. 

Starting with the fluid phase: axoplasmic fluids flush the tube and neurotrophic factors 

accumulate. Subsequently, in the matrix phase, acellular fibrin from the nerve stumps form 

within the tube. In the third phase, the cellular phase, Schwann cells migrate along the fibrin 
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cables to form bands of Büngner. The axonal phase is characterized by axon sprouting and 

elongation from proximal stump to the distal stump along the before formed tissue cable. In 

the last phase Schwann cells from the tissue cable wrap around the newly formed axons and 

myelinate them.  

 

 

Figure 3: Scheme of peripheral nerve regeneration within a hollow tube; Daly et al. 2012, adapted from Belkas 
et al. 2004 (1,10) 

considerations for their incorporation within hollow
NGC [39,41,52]. Another study observed that high den-
sities (approx. 15–30% of the cross-sectional area) of
poly(L-lactide) (PLLA) microfilaments inhibited nerve
regeneration [47]. At lower densities (approx. 3.75–
7.5% of the cross-sectional area), regeneration was
increased and the ability to bridge a critical nerve
gap in a rat sciatic nerve model was demonstrated.
These were taken as the optimal packing densities for
the introduction of intraluminal structures, as lower

densities resulted in the fibres settling to the bottom
of the conduit, while higher densities resulted in the
inhibition of regenerating nerves [47]. This inhibition
was similarly seen by Stang et al. [52], where the
addition of a dense collagen sponge within a hollow
NGC was shown to inhibit regeneration entirely.

Ngo et al. [47] demonstrated that axonal regener-
ation was further reduced when intraluminal fibres
were juxtaposed. One instance showed that fibres clus-
tered in the centre of the conduit resulted in complete

(1) fluid phase

(2) matrix phase

(3) cellular phase

(4) axonal phase

(5) myelination phase

regeneration within a tube

accumulation of neurotrophic factors and ECM 
molecules

fibrin cable formation

Schwann cell migration, proliferation and 
alignment and tissue cable formation

growth of daughter axons (proximal to 
distal) across de novo tissue cable

myelination of regenerated immature axons 
forming mature axonal fibres

Figure 1. Regenerative sequence occurring within a hollow NGC. Figure adapted from Belkas et al. [7]. This regenerative process
occurs in five main phases: (1) the fluid phase: plasma exudate fills the conduit resulting in accumulation of neurotrophic factors
and ECM molecules; (2) the matrix phase: an acellular fibrin cable forms between the proximal and distal nerve stumps; (3) the
cellular phase: Schwann cells, endothelial cells and fibroblasts migrate (from the proximal and distal nerve stumps), align and
proliferate along the fibrin cable forming a biological tissue cable; (4) axonal phase: re-growing axons use this biological tissue
cable to reach their distal targets; (5) myelination phase: Schwann cells switch to a myelinating phenotype and associated
with regenerated axons forming mature myelinated axons.

Review. Peripheral nerve regeneration W. Daly et al. 205

J. R. Soc. Interface (2012)

 on April 19, 2012rsif.royalsocietypublishing.orgDownloaded from 
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The question of conduit design has been subject of discussion for decades. An ideal conduit 

should protect the site of injury from the infiltration of surrounding tissues, while at the same 

time retaining a certain degree of porosity to allow diffusion of soluble factors through the 

tube wall, as well as limiting the migration and organization of myofibroblasts, which are 

responsible for the undesired synthesis of scar tissue (11). The conduit should also provide 

adequate mechanical strength and flexibility to support the regenerating nerve fibres, as well 

as to be able to be coapted to the proximal and distal nerve stump, and should be 

biocompatible and biodegradable. Positive effects have been observed with surface 

functionalization (12,13) and regenerative cells seeded on extracellular-matrix-improved 

surfaces (14). While the presence of a conduit between the transected stumps is sufficient to 

induce regeneration, the microstructural, mechanical and compositional features of the tubular 

construct itself have been observed to significantly affect the quality of regeneration (11,15). 

Luminal fillers have been topic of discussion for many years. Ideas of an ideal luminal filler 

range from gels, to single fibres of different diameters and number, to composite gel/fibre 

fillers, multiple channels (16–20) containing different growth factors (Nerve growth factor, 

vascular endothelial growth factor, fibroblast growth factor,… (21–23)) and/or cells 

(mesenchymal stem cells or Schwann cells) (24,25). 

Schwann cells 
In early embryonic development a single-cellular-layer sheet is formed, called the neural plate. 

Folding of the neural plate (neurulation) results in the precursor of the central nervous system 

- the neural tube. The cells of the neural folds transform into neural crest cells, which again 

differentiate into different cell types like sensory neurons, glial cells, myoblasts or Schwann 

cells precursor cells. (26) These precursors undergo further differentiation steps towards 

mature Schwann cells, seen in Figure 4. 

In their mature state, myelinating Schwann cells are wrapped around an axon, producing 

myelin. Myelin is composed of lipids and proteins, acting as an insulator. In contrast to most 

biological membranes, it has a higher proportion of lipids (70-85%) (27). The short gaps 

between the myelin producing Schwann cells, are known as “Nodes of Ranvier”. Along these 

discontinuous sites, membrane depolarization occurs, resulting in rapis, saltatoric conduction 

(28). Main components of myelin are Myelin Associated Glycoprotein (MAG) and protein 

zero (P0). Structurally MAG has a single transmembrane domain, separating the glycosylated 

extracellular part from an intracellular carboxy-terminal domain. MAG is located in the 

periaxonal glial membranes of myelin sheaths, next to the axon- functioning in adhesion and 
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signaling between myelin-forming cells and the axolemma. (27) P0 is the most abundant 

myelin protein in the PNS (>50%). Structurally it is a type I membrane glycoprotein, having a 

positively charged domain on the extracellular side of the membrane, contributing to 

stabilization of the major dense line in the PNS. (27) 

 
Figure 4: Schwann cell transition in a schematic overview; Neural crest cells transform into Schwann cell 
precursor and immature Schwann cells. The third transition offers two options: myelinating and non-myelinating 
Schwann cells; After injury, mature Schwann cells, independent of myelination status, switch into the activated 
„Bungner cell“ status; adapted from Jessen and Mirsky 1999 (29) and Arthur-Farraj et al. 2012 (30); 
 
Schwann cells are a crucial factor in peripheral nerve regeneration. While in the uninjured 

nerve, they are non-proliferating and ensheating the axon, in the injured nerve they switch 

towards the activated state, also known as “repair cell” or “Bungner cell” (30). In the 

activated state Schwann cells start proliferating, building the so-called bands of Bungner from 

the site of injury to the target muscle. Schwann cells within the bands of Bungner build a 

guidance substrate, secreting several growth factors like the brain derived neurotrophic factor 

(BDNF) (31), the glial derived neurotrophic factor (GDNF) (32) and other neurotrophic 

factors (33), and expressing adhesion molecules like the neural cell adhesion molecule 

(NCAM), cadherin and integrins (34). Neurotrophin receptor P75, also known as P75NTR or 

CD271 is expressed during proliferation, strongly correlating with it (35). Since neurotrophins 

are key mediators for myelination, the absence of P75 inhibits future myelination (36). The 

combination of secreted factor and adhesion molecules stimulates and guides axonal 

outgrowth.  
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Aim 
Injuries to a peripheral nerve often result in large defects in the continuity of the severed 

nerve. Bridging of a large defect with an autologous interfascicular nerve graft is considered 

to be the gold standard. Albeit it is best available treatment, transplantation of an autologous 

nerve graft does not always provide a satisfactory outcome. This PhD thesis aims to improve 

regeneration of peripheral nerves after traumatic injury in a three-staged approach: 

 

I. Improving Schwann cell isolation and culture, as well as Schwann cell-like cell 

differentiation using extracorporeal shockwave treatment.  

II. Development of a fibrin based luminal filler containing activated Schwann cell-like cells. 

III. Functionalizing silk fibroin to serve as an improved biomaterial for nerve regeneration 
 

I) Improving Schwann cell isolation, culture and Schwann cell-like cell 
differentiation 
Recently Hausner et al. (37) showed a novel approach of accelerating regeneration after 

peripheral nerve injury. In a rat sciatic nerve autograft model extracorporeal shockwave 

treatment resulted in a significantly accelerated functional recovery without causing any 

adverse effects. As shockwaves were applied on the site of defect (as opposed to the neural 

cell bodies) we hypothesize that extracorporeal shockwave treatment could have beneficial 

effects on in vitro Schwann cell cultures and investigated the effect of shockwave treatment 

on the isolation efficacy and purity and quality of culture.  

Furthermore it was shown in an in vitro setup that a variety of cells react to shockwave 

treatment with increased ATP release and proliferation (38), and we hypothesize that also 

adipose derived stem cells could react to shockwave treatment with increased reactivity to 

stimuli, eg differentiation into Schwann cell-like cells. 

 

II) Fibrin and activated Schwann cells as a potential luminal filler for nerve 
guidance conduits 
The formation and controlled degradation of fibrin is one of the major components in natural 

wound healing. Fibrin is an especially important factor in nerve regeneration: after injury, 

nerve stumps leak fibrin plasma exudate into the affected area, forming fibrin cables that 

enable Schwann cells to migrate towards the distal stump and form Bands of Büngner (1,39). 
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In this chapter, we investigate electrospinning as a method to align fibrin/PGLA fibres to 

create a biomimicking tissue-like material seeded with Schwann cell-like cells (SCLs) in vitro 

for potential use as an in vivo scaffold.  

 

III) Functionalizing silk fibroin to serve as an improved biomaterial for 
nerve regeneration 

In the last few years, silk fibroin (SF) has attracted considerable interest as a biomaterial 

suitable for applications towards peripheral nerve regeneration. SF has been shown to possess 

characteristics that favour its use as a nerve guidance, such as mechanical stability, slow 

degradation rate, biocompatibility and its ability to support nerve regeneration (40,41). We 

first hypothesized that a hollow silk tube would be suitable to bridge an 8 mm nerve gap in a 

rat sciatic model, however found options in vitro to possibly further improve the outcome in 

vivo.  

One possibility to improve the outcome in vivo is to apply silk fibroin guiding structures 

inside the tube. These silk fibroin fibres could be functionalized with laminin to provide an 

ideal growth substrate, containing pro-migratory and pro-regenerative ECM molecules such 

as laminin and collagens isolated from the human placenta. Laminin is known to promote 

neurite outgrowth in vitro (42) and in vivo (43) and collagens are upregulated after injury by 

pro-regenerative Schwann cells inducing cell proliferation (44). Therefore these ECM 

molecules could be used to coat silk fibres in order to establish a natural human ECM as 

guiding structure for regenerating axons (45). Covalently bound to the silk fibroin fibres we 

expect these ECM proteins to improve Schwann cell adhesion to the fibres and therefore less 

heterogenicity in cell distribution after seeding in vitro, and to enhance neurite outgrowth and 

therefore functional recovery in vivo. 
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Extracorporeal Shockwave Treatment to Improve 
Schwann Cells and Schwann Cell-like Cell Differentiation 
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Abstract	  

Adipose derived progenitor/stem cells (ASCs) are discussed as a promising candidate for 

various tissue engineering approaches. However, its applicability for the clinic is still difficult 

due to intra- and inter-donor heterogeneity and limited life span in vitro, influencing 

differentiation capacity as a consequence to decreased multipotency. Extracorporeal 

shockwave treatment has been proven to be a suitable clinical tool to improve regeneration of 

a variety of tissues for several decades, while the mechanisms underlying these beneficial 

effects remain widely unknown. In this study we show that human and rat adipose derived 

stem cells respond strongly to repetitive shockwave treatment in vitro, resulting not only in 

maintenance and significant elevation of mesenchymal markers (CD73, CD90, CD105), but 

also in significantly increased differentiation capacity towards the osteogenic and adipogenic 

lineage as well as towards Schwann cell-like cells even after extended time in vitro, 

preserving multipotency of ASCs. Hence, ESWT might be a promising tool to improve ASC 

quality for cell therapy in various tissue engineering and regenerative medicine applications. 

	  

Keywords:	  	  

Adipose derived Stem Cells; Extracorporeal Shockwave Treatment; Multipotency; Stemness; 

Schwann cell-like Cells; 
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INTRODUCTION 

Tissue-resident mesenchymal stem cells (MSC) maintain tissue integrity and participate in 

tissue regeneration, e.g. responding to injury (46). Due to their innate participation in tissue 

regeneration, MSCs are one of the most promising tools for tissue engineering representing an 

alternative cell source to human tissue specific cells, which are usually difficult to obtain. 

There is a great variety of tissues from which MSCs can be isolated from, including bone 

marrow (47), umbilical cord blood (48) and adipose tissue (49). The cells have shown 

potential to differentiate ex vivo into various mesenchymal cell types such as adipocytes, 

osteoblasts, chondrocytes or fibroblasts (50–53) but also other lineages including Schwann-

like cells (54,55). Moreover, their immunogenic phenotype is lacking major 

histocompatibility complex class II (MHC II) and hinders T cell stimulation and subsequently 

immunogenic responses (46,56,57). Furthermore, studies have demonstrated 

immunosuppressive properties of MSCs (58,59). 

A limiting factor for cell therapy using MSCs is the high variation of the isolated cell 

population (60), due to which functionality of cells influencing targeted therapy cannot be 

guaranteed. Another factor to be considered is a donor dependent decrease of multipotency 

after expansion in vitro and further influencing the MSC properties including differentiation 

potential, starting in early passages (60–63). As a consequence there is a clinical need to limit 

these variations and to take a step closer towards consistent quality of MSCs for cell therapy, 

which was also defined recently by the IFATS and ISCT (64).  

Interestingly, in this regard physical stimuli such as controlled frequency ultrasound (65), 

shear stress and dynamic compression (66), but also extracorporeal shockwaves (67) have 

been shown to have positive effects on stem cell isolation and specific differentiations, while 

only little is known concerning effects on stemness. 

Historically, extracorporeal shockwave therapy (ESWT) has its origin in treatment of kidney 

stones (68), but it has also been proven to be an effective therapeutic tool in the field of 

regenerative medicine. In clinics beneficial effects of ESWT in vivo have been observed in 

treatment of non-union fractures (69–71), ischemia-induced tissue necrosis (72), peripheral 

nerve lesions (37), chronic wounds (73,74) and several other fields (75–77).  

The basis of a shockwave is a change in local density, caused by expansion and concentration 

within and medium. The generated shockwave is a sonic pulse characterized by an initial rise, 

reaching a positive peak of up to 100 MPa within 10 ns, followed by a negative amplitude of 

up to -10 MPa and a total life cycle of less than 10 µs. The effect resulting from this 

characteristic is twofold, with the direct generation of mechanical forces as a primary effect, 
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and the indirect generation of mechanical forces by cavitation as a secondary effect. 

Biological responses are thought to be triggered by the high initial pressure, followed by a 

tensile force and the resulting mechanical stimulation (78). Moreover, it has been stated that 

extracorporeal shockwaves can recruit tissue resident MSCs to the site of injury by inducing 

the secretion of chemotactic factors from the surrounding tissue (79), while the effect on 

MSCs itself has not been fully investigated yet, but appears to be a possible tool to direct stem 

cell fate.  

The aim of this study was to investigate in vitro the direct effect of ESWT on rat and human 

MSCs derived from adipose tissue concerning their expression of MSC-typical cell surface 

markers, proliferation, viability and its impact on differentiation capacity.  

	  

Figure	  5:	  Experimental scheme shows time points for ESWT, evaluation with flow cytometry (Flow cyt.) and 
respective passage number. Evaluation referred to on day 36 includes differentiation specific stainings, PCR and 
flow cytometry. 

 

MATERIAL AND METHODS 
Isolation of adipose-derived stem cells (ASCs) 

For human ASCs (hASCs) liposuction material of male and female patients between 31 and 

40 years were used. The collection of human adipose tissue was approved by the local ethical 

review board and informed, written consent was obtained from each patient prior to the 

collection of the material. Rat ASCs (rASCs) were isolated from visceral fat pads of adult 

male Sprague Dawley rats. Rats were euthanized according to established protocols, which 

were approved by the City Government of Vienna, Austria in accordance with the Austrian 

law and Guide for the Care and Use of Laboratory Animals as defined by the National 

Institute of Health. For isolation of human ASCs a protocol described by Wolbank et al. (80) 

was used and adopted for rat fat tissue. Briefly, after mincing the adipose tissue it was 

digested with Collagenase Type I (Biochrome, Berlin, Germany), filtered through 100 µm cell 

strainers (BD Bioscience, Franklin Lakes, NJ, USA) and centrifuged at 400xg. Resulting 
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ASCs separated from adipose tissue were seeded on T75 cell culture flasks (PAA, Pasching, 

Austria) for expansion. 

Cell culture conditions 

After isolation, hASC and rASC cells were cultivated using standard cell culture conditions 

(37°C, 5% CO2) in Dulbecco’s modified Eagles medium (DMEM low glucose; PAA) and 

Ham’s F12 (PAA) supplemented with 10% fetal calf serum (FCS; PAA), 200 µM L-

glutamine and 1% (v/v) penicillin-streptomycin (PAA). For expansion, cells were cultivated 

in cell culture flasks (PAA) with an initial seeding density of 3x103 cells/cm2. At a confluence 

of 80-90% cells were split with AccutaseTM (PAA). 

Characterization of adipose-derived stem cells with flow cytometry 

hASCs and rASCs were characterized by flow cytometry using mesenchymal stem cell 

specific markers, as described by Dominici et al. 2006 (52). Flow cytometric analysis was 

performed with a BD FACS Canto II (BD Biosciences). Cells were detached with AccutaseTM 

to minimize influence on cell surface markers and incubated with antibodies on ice and in the 

dark for 20 minutes. hASCs were incubated with anti-CD14 FITC, anti-CD34 FITC, anti-

CD45 PE, anti-CD73 PE, anti-CD90 PE (all mouse monoclonal; BD Bioscience) and anti-

CD105 (mouse monoclonal, FITC labeled; Abcam, Cambridge, UK); rASCs were incubated 

with: anti-CD14 (mouse monoclonal, FITC labeled; Merck Millipore, Billerica, MA, USA) 

anti-CD34 (rabbit polyclonal; abcam), anti-CD45 (rabbit Polyclonal; abcam), anti-CD73 

(rabbit polyclonal; Santa Cruz Biotechnology, Dallas, TX, USA), anti-CD90 (rabbit 

polyclonal; Santa Cruz Biotechnology) and anti-CD105 (mouse monoclonal; Merck 

Millipore); and secondary antibody: FITC anti rabbit (goat polyclonal; Dako, Glostrup, 

Denmark) FITC anti mouse (rabbit polyclonal, Dako); 

Schwann cell markers anti-P75 NGFR (goat polyclonal, Santa Cruz Biotechnology, USA), 

anti- S100b (rabbit polyclonal; Dako) and anti-P0 (rabbit polyclonal, Santa Cruz 

Biotechnology, USA) for hASCs and rASCs were conjugated with APC (Lynx Rapid 

Conjugation Kit, ABD Serotec, Kidlington, UK). 

Flow cytometry data was evaluated with Flowjo Version 8.8 (Tree Star Inc, Ashland, OR, 

USA).  

In vitro Extracorporeal Shockwave Treatment 

For in vitro shockwave treatment an unfocused electro-hydraulic device was used (Dermagold 

100, MTS Medical, Constance, Germany). The applicator (OP155) was attached to a water 

bath as described by Holfeld et al. 2014 (81) ensuring direct contact to the prewarmed (37°C) 
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water, allowing reproducible physical propagation and application of shockwaves in vitro. 

hASCs and rASCs detached with AccutaseTM were centrifuged, resuspended to a 

concentration of 1x10
6 cells/mL with a total volume of 1 mL and transferred into conical 15 

mL polypropylene centrifuge tubes (PAA). For shockwave treatment, tubes were placed in 

front of the applicator inside the water container. Then unfocused shockwaves were applied 

using the following parameters: 200 pulses at an energy level of 0.09 mJ/mm2 with a 

frequency of 3 Hz. These parameters have been chosen according to preliminary experiments, 

in order to maximise the effect of the ESWT, while concurrently minimizing possible 

negative effects. Both, treated and untreated cells were immediately plated after treatment. 

Scheme for experimental setup (timeline) is shown in Figure 5. All cell culture experiments 

were performed as quadruplicates from four different donors. 

In vitro differentiation of hASC and rASC into adipogenic lineage 

hASCs and rASCs were differentiated into adipogenic lineage using adipogenic 

differentiation medium composed of Dulbecco’s modified Eagle’s medium (high glucose; 

PAA) containing 10% FCS (v/v), 200 µM L-glutamine and 1% (v/v) penicillin-streptomycin 

and supplemented with dexamethasone (1 µM; Sigma Aldrich, St. Louis, MO, USA), IBMX 

(0.5 mM; Sigma Aldrich), hydrocortisone (0.5 µM; Sigma Aldrich) and indomethacin (60 

µM; Sigma Aldrich). Cells were plated at an initial cell seeding density of 7x10
3 cells/cm

2
. 

Control cells were seeded at a density of 1x10
3 cells/cm

2 and maintained in stem cell medium. 

Medium was changed every second day for a total culture period of 21 days. 

Evaluation of adipogenic phenotype 

Adipogenic potential was evaluated by staining intracellular lipid accumulations with 

common Oil Red O staining. Briefly, cells were washed with PBS and fixed with 10% neutral 

formalin solution (Sigma Aldrich) for 30 minutes. After rinsing with distilled water and 70% 

ethanol, cells were stained with Oil Red O in isopropanol (Sigma Aldrich) for 15 minutes. 

Cells were then washed with water, counterstained with Mayer’s hematoxilin solution (Sigma 

Aldrich) and blued with tap water. Stained samples were examined using a Leica DMI6000B 

microscope (Leica, Solms, Germany). 

In vitro differentiation of hASC and rASC into osteogenic lineage 

hASCs and rASCs were differentiated into osteogenic lineage using osteogenic differentiation 

medium composed of Dulbecco’s modified Eagle’s medium (low glucose; PAA) containing 

10% FCS (v/v), 200 µM L-glutamine and 1% (v/v) penicillin-streptomycin (PAA) 
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supplemented with dexamethasone (0.01 µM, Sigma Aldrich), ascorbat-2-phosphate (150 

µM; Sigma Aldrich) and β-glycerophosphate (10 mM; Stemcell Technologies, Vancouver, 

Canada). Cells were plated with an inititial cell seeding density of 1x10
3 cells/cm

2
. Control 

cells were seeded at a density of 1x10
3 cells/cm

2 and maintained with stem cell medium. 

Medium was changed every second day for 21 days.  

Evaluation of osteogenic phenotype 

Calcification was assessed by common von Kossa staining. Cells were rinsed with PBS twice, 

fixed with 10% formalin solution for 30 minutes, rinsed with distilled water and incubated 

with 5% (w/v) silver nitrate (Sigma Aldrich) for 25 minutes, developed with 5% sodium 

carbonate (w/v) (Sigma Aldrich) and finally fixed with sodium thiosulfate (Sigma Aldrich). 

Stained samples were examined using a Leica DMI6000B microscope (Leica). 

PCR- Evaluation of osteogenic markers 

Osteogenic gene expression (Osteocalcin, Biglycan) was evaluated with semiquantitative 

PCR. Total RNA was isolated from control and differentiated cells using GenEluteTM 

Mammalian Total RNA kit (Sigma Aldrich) according to manufacturer’s instructions. 

Amplification of cDNA was done with DyNAmo cDNA Synthesis Kit (Biozym, Hessisch 

Oldendorf, Germany). 

PCR amplification was performed with 1 µg cDNA in 29 µl DEPC treated water (Sigma 

Aldrich), 10 µl Enhancer 5x, 5 µl Reaction Buffer Y 10x, 1 µl MgCl2 25 mM, 2 µl dNTPs 10 

mM, 0.2 µl Taq Polymerase (all PeqLab, Erlangen, Germany) and 0.5 µl forward and reverse 

primer at a final concentration of 100 mM. Temperature scheme and primer design are 

depicted in table 1. PCR products were evaluated on a 1.5% (w/v) agarose gel containing 1 

µl/10 mL GelGreen (10000X; Biotium, Hayward, CA, USA), visualized in a MultiImageTM 

Light Cabinet (Biozym) using AlphaEaseFC software (Version 3.2.1; Alpha Innotech, San 

Leandro, CA, USA) for densitometrical analysis. 

 

Table 1: Primer sequences, fragment size and PCR scheme for RT PCR 

! ! Sequence! fragment!
size!!

PCR!scheme!

GAPDH! fwd:! 5'>ATGGGGAAGGTGAAGGTCGG>3'! ! 94°C!–!53°C!–!72°C!
! rev:!

!
5'>AGGGATGATGTTCTGGAGAG>3'! ! !

biglycan! fwd:! 5'>CGGACACACCGGACAGATAGAC>3'! 103!bp! 94°C!>!60°C!–!72°C!
!
!

rev:! 5'>ACATGGCGGATGGACCTGGAG>3'! ! !

osteocalcin! fwd:! 5'>TTGGCTGACCACATCGGCTTTC>3'! 142!bp! 94°C!>!60°C!–!72°C!
! rev:! 5'>AGGGCAAGGGCAAGGGGAAG>3'! ! !

Table&1&
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In vitro differentiation of hASC and rASC into Schwann-like Cells 

hASCs and rASCs were plated at 0.5x10
3 cells/cm

2
and grown for 36 hours in Dulbecco’s 

modified Eagles medium (high glucose; PAA) supplemented with 10% FCS (v/v), 200 µM L-

glutamine and 1% (v/v) penicillin-streptomycin (PAA). All media used during the 

differentiation process differed only in supplements. Differentiation into Schwann-like Cells 

was performed in a three step procedure modified from Dezawa et al. 2001 (54). Briefly, cells 

were prepared for differentiation into neural lineage by a 24 hour incubation with 1 mM β-

mercaptoethanol (Sigma Aldrich), followed by washing with PBS and a 60 hour incubation 

with 50 ng/mL all-trans retinoic acid (Sigma Aldrich). After washing with PBS, cell culture 

medium was changed to final differentiation medium containing 5 ng/mL recombinant human 

platelet-derived growth factor (PDGF-AA, R&D systems; Minneapolis, MN, USA), 10 

ng/mL recombinant human basic fibroblast growth factor (bFGF, R&D systems), 200 ng/mL 

human recombinant heregulin-β1 (Peprotech, Hamburg, Germany) and 15 µM forskolin 

(Sigma Aldrich). Medium was completely changed on day three and day six, and 60% 

changed every third day for the next 12 days. Differentiation into SCL was evaluated by 

measuring specific cell surface marker using flow cytometry. S100b was used to determine 

differentiation into Schwann cell phenotype, while P75 and P0 distinguish between different 

activation states. P75 indicates a proliferative/regenerative phenotype, while P0 is typically 

expressed during myelination.  

Proliferation 

Proliferation of hASC and rASC after shockwave treatment was determined using a 5-bromo-

2-deoxyuridine (BrdU) uptake assay (Cell Proliferation ELISA assay Kit; Roche Diagnostics, 

Basel, Switzerland) according to manufacturer’s instructions. Briefly, 48 hours after cell 

seeding, medium was changed to stem cell medium containing 100 µM BrdU and cells were 

incubated for 12 hours at standard cell culture conditions (37°C and 5% CO2). The culture 

plates were airdried and fixated with FixDenat® solution and subsequently incubated with 

anti-BrdU POD antibody solution for 60 minutes at room temperature. After washing the 

plates with PBS, tetramethyl benzidine was added for 30 minutes as a substrate. The reaction 

was stopped with 1 M H2SO4 and absorption was measured at 450 nm with 690 nm as 

reference wavelength on an automatic microplate reader (Tecan Sunrise; Tecan, Maennedorf, 

Switzerland). 

Cell viability 

Cell viability of hASC and rASC after shockwave treatment was determined using common 
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MTT assay. Briefly, cells were incubated with stem cell medium containing 650 µg/ml MTT 

[3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] bromide (Sigma Aldrich) for 1 hour at 

standard cell culture conditions (37°C and 5%). Medium was discarded and MTT formazan 

precipitate was dissolved in DMSO (Sigma Aldrich) by shaking in dark for 20 minutes. 

Aliquots of 100 µl were transferred to 96-well plates. Light absorbance at 540 nm was 

measured immediately and optical density (OD) values were corrected for an unspecific 

background on an automatic microplate reader (Tecan Sunrise; Tecan). 

Statistics 

Statistical difference was analysed using one-way ANOVA (analysis of variance) followed by 

Tukey range test for significant differences between the means. Significance was considered 

for P<0.05. For statistical calculations GraphPad Prism 5 for Mac OS X, Version 5.0b 

(GraphPad Software, Inc., La Jolla, CA, USA) was used. All data in this study are shown as 

mean ± standard deviation (SD). 

 

RESULTS 
ESWT influences mesenchymal marker expression in hASCs 

To gain insight into the effect of ESWT on the expression of mesenchymal marker expression, 

flow cytometry using MSC specific surface markers was performed, which is shown in Figure 

6. At P4 (day 0) untreated hASCs did not express endothelial marker CD14 and 

hematopoietic markers CD34 and CD45. The levels of these markers did not change 

throughout the whole culture period (until passage 8; data not shown). At day 0 (passage 4) 

expression levels of mesenchymal markers CD73 and CD105 were lower than 50% while 

expression of CD90 was around 90%. Five days after the first shockwave treatment (day 5), 

untreated control cells showed a significantly reduced marker expression (CD73 <15%, CD90 

<40%, CD105 <5%) compared to the shockwave treated group (CD73 >60%, CD90 >80%, 

CD105 >30%). Ten days after shockwave treatment (day 10), no significant difference in 

marker expression could be observed between untreated control group (Control) and cells 

receiving single shockwave treatment (1x ESWT) (CD73 <40%, CD90 <55%, CD105 <15%) 

while cells receiving a second shockwave treatment at day 5 (2x ESWT) showed a 

significantly higher expression of all three mesenchymal markers (CD73 >85%, CD90 >85%, 

CD105 >40%). On day 15, levels of mesenchymal markers further decreased in the control 

group and the single shockwave treatment group (CD73 <20%, CD90 <30%, CD105 <10%). 

Cells receiving repetitive treatment (2x ESWT, 3x ESWT) showed a significantly higher 

marker expression (CD73 >80%, CD90 >75%, CD105 >35%) compared to cells in the control 
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group (CD73 <10%, CD90 <20%, CD105 <5%) and cells receiving single shockwave 

treatment (CD73 <20%, CD90 <30%, CD105 <10%). On day 36 (P8), 21 days after the last 

treatment and cell seeding, expression of all three mesenchymal markers was almost absent in 

the control group (CD73 <5%, CD90 <5%, CD105 <5%). In contrast to all other treatment 

groups, single ESWT increased only CD90 levels significantly (CD90 >45%, CD73, CD105 

<10%). hASCs receiving repetitive treatment showed an increased marker expression 

concerning all three mesenchymal markers. Significant increases on day 36 (P8) compared to 

control group (CD73 <5%, CD90 <5%, CD105 <5%) could be observed for CD73 in the 

following groups 2x ESWT (>25%), 3x ESWT (>50%) and 4x ESWT (>90%), for CD90 1x 

EWST (>45%), 2x ESWT, 3x ESWT and 4x ESWT (all >90%) and CD105 3x ESWT 

(>40%) and 4x ESWT (>70%) (Figure 6).  

	  

Figure 6: Flow cytometry results of hASCs on day 0 (P4) and hASC treated with ESWT compared to untreated 
control on day 5 (P5), 10 (P6), 15 (P7) for hematopoietic markers (CD14, CD34, CD45) and mesenchymal 
markers (CD73, CD90 CD105) and on day 36 (P8) for mesenchymal markers, (CD73, CD90 CD105); statistical 
significance was tested with 1- way ANOVA and Tukey range test; data is presented as Mean ± SD; *P<0.05, 
**P<0.01, ***P<0.0001; n =4; 

	  

ESWT influences mesenchymal marker expression in rASCs 

Additionally, the same experiment as mentioned above using hASCs was performed in rASCs 

to prove that the effect of ESWT is host-independent. Flow cytometry characterization of 

rASCs in P4 revealed expression of mesenchymal markers CD73, CD90, CD105 > 55%, but 

also a considerable percentage of hematopoietic marker-positive cells (CD34> 20%, CD45> 

25%) (Figure 7). While expression of CD34 declined with P5, CD45 remained at a level of 
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20% until P7 in the untreated control group. On day 5 after single shockwave treatment (1x 

ESWT), cells receiving shockwave treatment showed no expression of hematopoietic markers 

(CD14 <2%, CD24 <2%, CD45 <2%) and a significant increase in expression of 

mesenchymal markers (CD73 >65%, CD90 >65%, CD105 >65%) compared to control group 

(CD14 <2%, CD34 <5%, CD45 >10%, CD73 <20%, CD90 <20%, CD105 <20%). On day 10, 

cells receiving repetitive shockwave treatment (2x ESWT) showed increased percentages of 

mesenchymal marker expression (CD73, CD90, CD105> 85%), while cells receiving single 

shockwave treatment had only CD105 significantly upregulated (CD73 < 40%, CD90 < 35%, 

CD105 >50%) compared to control group (CD45 >15%, CD73 <20%, CD90 <20%, CD105 

<15%). On day 15, levels of mesenchymal markers further decreased in the control group 

(CD45 <5%, CD73 <5%, CD105 <10%) as well as in the group 1x ESWT (CD73 <15%, 

CD90 <15%, CD105 <15%). In rASCs treated twice with shockwaves, mesenchymal marker 

expression decreased as well (CD73 <40%, CD90 <50%, CD105 <40%), but not to the same 

extent as in the control group or 1x ESWT.  

	  
Figure 7: Flow cytometry results of rASCs on day 0 (P4) and day 5 (P5) and rASC treated with ESWT compared 
to untreated control on day 5 (P5), 10 (P6), 15 (P7) for hematopoietic markers (CD14, CD34, CD45) and 
mesenchymal markers (CD73, CD90 CD105) and on day 36 (P8) for mesenchymal markers, (CD73, CD90 
CD105); statistical significance was tested with 1- way ANOVA and Tukey range test; data is presented as Mean 
± SD; *P<0.05, **P<0.01, ***P<0.0001; n =4 

In rASCs receiving three shockwave treatments all three mesenchymal markers were 

significantly increased (> 90%). 21 days after final shockwave treatment (day 36, P8) marker 

expression levels of control group were <10%, while - depending on number of treatments - 

all samples of shockwave groups showed elevated marker expression levels. A significant 

increase was observed for 2x ESWT (CD73 >50%, CD90 >60%, CD105 >40%), 3x ESWT 
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(CD73 >75%, CD 90 >75%, CD105 > 75%) and 4x ESWT (CD73 >90%, CD90>90%, 

CD105 >90%) (Figure 7). 

ESWT influence on cell proliferation and viability 

We wanted to know if ESWT has any effect, whether beneficial or inhibiting, on proliferation 

and viability of those cells. Therefore a BrdU ELISA - to measure proliferation - and a MTT 

assay for viability was performed.	  	  

BrdU assay revealed a significant decrease in new synthesis of DNA in hASCs groups 2-4x 

ESWT (Figure 8) compared to untreated control, while in rASCs no significant differences in 

proliferation could be detected. MTT showed a tendential decrease in mitochondrial activity 

in hASCs after shockwave treatment and an increase in rASCs. However, in both hASCs and 

rASCs these findings did not significantly differ from the untreated control group. 

	  

Figure 8: BrdU and MTT assay for hASCs and rASCs after 1-4x ESWT compared to untreated control group. 
Data is presented as Mean + SD; significance tested with 1-way ANOVA and Tukey range test; *P<0.05; n =4; 
 

ESWT influences differentiation potential of ASCs 

The potential influence of ESWT on the mesenchymal differentiation potential of hASCs and 

rASCs was determined by differentiation into adipogenic and osteogenic lineage, as well as 

by transdifferentiation into Schwann-like cells (SCLs). 
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Figure 9: Differentiaton specific stainings of hASCs (A) and rASCs (C) to exhibit either adipogenic 
differentiation by staining lipid accumulations (Oil Red O) or osteogenic differentiation by staining calcium 
phosphate (von Kossa) after 20 days in differentiation medium and 1-4x ESWT compared to untreated, 
undifferentiated control (Control undiff.) and untreated, differentiated control (Control). Scale bar represents 200 
µm; B, D: PCR and densitometric analysis of osteogenic markers osteocalcin and biglycan of hASCs (B) and 
rASCs (D) after 20 days in differentiation medium; data is presented as Mean + SD, normalized on 
housekeeping gene GAPDH; significance tested with 1-way ANOVA and Tukey range test; *P<0.05 to 
untreated, undifferentiated control (Control undiff); n=4; 
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Adipogenic differentiation 

After 20 days in adipogenic differentiation medium no lipid accumulations could be observed 

in untreated control cells of both, hASCs and rASCs. While a single ESWT in hASCs resulted 

a prominent amount of intracellular lipids (Figure 9 A; 1x ESWT), this effect was not seen in 

rASCs before two (2x ESWT) shockwave treatments (Figure 9 C). In both hASCs and rASCs 

an increase of Oil Red O positive cells in the ASC cultures could be observed with number of 

shockwave treatments (Figure 9 A, C). 

Osteogenic differentiation 

Intensity of osteogenic differentiation was assessed 21 days after change to osteogenic 

differentiation medium by staining mineralized nodules (von Kossa staining). Positive 

staining could be observed in hASC and rASC cultures after single shockwave treatment and 

the amount of stained mineralized calcium phosphate increased with number of shockwave 

treatments (Figure 9 A, C). 

In addition to the von Kossa staining, semi-quantitative PCR was performed to get an insight 

in the expression profile of the osteogenic markers osteocalcin and biglycan. In hASCs and 

rASCs only minor differences between the undifferented, untreated control (Ctrl undiff) and 

the differentiated, untreated control (Ctrl) could be observed in both expression profiles, 

osteocalcin and biglycan. The relative expression increased in both tested markers with the 

number of shockwave treatments resulting in a peak at three treatments (Figure 9 B, D). 

Transdifferentiation into Schwann-like cells 

Additionally, potential to differentiate into Schwann-like cells was evaluated with flow 

cytometry analysis and for Schwann cell specific markers S100b, P75 and P0. Figure 10 

shows that both, hASCs and rASCs significantly increase S100b and P75 expression after 

single shockwave treatment compared to undifferentiated control and untreated, differentiated 

control. In hASCs >95% of the cells were found positive for both markers in the group 4x 

ESWT, while in rASCs single shockwave treatment led to an increase of P75 to >80% and 

S100b > 85%. rASCs treated with 4x ESWT showed expression levels of P75 and S100b > 

98%. Expression levels of P0 were below 10% in all groups. Schwann cell morphology, 

characterized by a prominent nucleus and an elongated, bipolar cell body, could not be found 

in control groups, but was prominent in ESWT treatment groups (Figure 10). 
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Figure 10: ASCs differentiated towards SCLs express Schwann cell specific markers dependent on number of 
ESWT; Flow Cytometry results (P75, S100b, P0) for hASCs (A) and rASCs (B) differentiated into Schwann-like 
cells on day 36 (P8), treated with ESWT compared to untreated control and undifferentiated control; statistical 
significance was tested with 1-way ANOVA and Tukey range test; data is presented as Mean ± SD; *P<0.05, 
**P<0.01, ***P<0.0001 to untreated, undifferentiated control (Control undiff); °P<0.05, °°P<0.01, °°°P<0.0001 
to untreated, differentiated control (control); n = 4; Light microscopy pictures of undifferentiated (control undiff), 
differentiated, untreated (control) and differentiated hASCs (A) and rASCs (B) after shockwave treatment (4x 
ESWT); 
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DISCUSSION 
ASCs could be a useful tool for tissue engineering approaches due to their easy accessibility 

and versatility. Several studies have shown that these cells are capable of differentiating into 

numerous cell types and differentiation is not restricted to their initial tissue type (54,82,83). 

One of the major downsides of ASCs represents their high variability and loss of 

differentiation capacity at higher passage numbers after expansion in vitro (60,84,85). To 

address these limitations retention of marker expression and differentiation potential has been 

of interest in previous studies. For instance, Tsutsumi, et al. (86) described a positive effect of 

fibroblast growth factor 2, which has an effect in maintaining multilineage differentiation 

potential in vitro, while Lai, et al. (87) describe the opposite. Shahdadfar, et al. (88) observed 

that the choice of serum, (autologous serum or fetal bovine serum), is a crucial factor in 

proliferation and gene expression, concluding that autologous serum leads to a rapid 

expansion with stable gene expression, but fetal bovine serum induces more differentiated but 

less stable transcriptional profiles. Stolzing et al. (89) showed that lower glucose 

concentrations in culture medium have an inhibiting effect on replicative senescene. 

Physical stimuli have shown to have beneficial effects on isolation of hASCs (radio electric 

asymmetric conveyed fields (65)) and differentiation into osteoblasts (controlled frequency 

ultrasound; (66)) , or chondrocytes (combination of shear and dynamic compression; (90)). 

The advantageous effects of in vivo extracorporeal shockwave therapy in several fields of 

regenerative medicine are known for more than one decade, whereas in vitro effects have not 

been studied extensively yet. To our best knowledge, so far no study has investigated the 

effects of extracorporeal shockwave treatment on human or rat mesenchymal stem cells 

evaluating mesenchymal marker expression and multi-lineage differentiation potential after 

treatment. However, Raabe, et al. (67) showed that equine mesenchymal stem cells maintain 

their multilineage differentiation capacity in low passages (P1-4) after treatment with focused 

shockwaves. 

In our study, human and rat ASC cultures were randomly chosen and did not meet the 

standards and defined minimal requirements for mesenchymal stem cells concerning marker 

expression (Figure 6, Figure 7) and purity (Figure 7; CD34, CD45 > 20%) (52,64) before 

treatment with ESWT. Treated with ESWT, cells not only maintained but also increased their 

expression of mesenchymal markers (Figure 6, Figure 7), to a level >95% (except hASC 

CD105: 80%), which meets the defined minimal requirements for mesenchymal stem cells 

(52), while the amount of marker-positive cells further decreased in the control group. After 

approximately 55 days of continuous culture (P8), expression of CD73, CD90 and CD105 
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was diminished to <5% (except CD90 in rASC: 10%), in untreated cells of both, hASCs and 

rASCs. 

Considering expression of these stem cell defining markers, rASCs reacted stronger to single 

shockwave treatment than hASCs. These findings are strengthened by the results of SCL 

differentiation, where difference between 1x ESWT and 4x ESWT is less than 20% in S100b 

and P75. In hASCs, S100b expression increased stepwise (20% per treatment) from 

undifferentiated control to 4x ESWT. S100b is known as a common Schwann cell marker 

while the expression of P75 and P0 are restricted to one of the two activation states of 

Schwann cells: proliferating/regenerative (P75) and myelinating (P0) (26,91,92). Elevated 

levels of S100b and P75 indicate a differentiation into proliferating/regenerative Schwann cell 

phenotype, reaching a peak in marker expression at almost 95% positive cells by repeated 

ESWT. 

To evaluate effects of the ESWT treatments on cell proliferation the amount of newly 

synthesized DNA in hASCs was determined by BrdU ELISA and was found to be 

significantly lower in groups 2-4x ESWT compared to 1x ESWT and control group. However, 

it has been previously described that a decrease of proliferation can have an advantageous 

effect on differentiation (93,94), which is in accordance with our findings (Figure 9 A) for 

osteogenic and adipogenic differentiation. In contrast to the results for hASCs, rASCs 

synthesis of new DNA was not significantly affected and results of osteogenic and adipogenic 

differentiation (Figure 9 C) showed a less clear (but still evident) difference between 

untreated control and treatment groups. In contrast to our findings, Raabe, et al. (67) observed 

a significant increase in proliferation in early passages. This could indicate that the hASCs 

and rASCs used in our study are pushed towards the end of their in vitro life span resulting in 

a decreased proliferation, but not in a diminished multilineage differentiation potential. 

It has been stated that, over passages, mesenchymal stem cells may either lose their potential 

to differentiate into adipogenic lineage, while maintaining potential for osteogenic 

differentiation (60,63,95,96) or vice versa (61,97). In this study, we could show that ESWT 

allowed the cells to maintain their differentiation capacity for both, adipogenic and osteogenic 

differentiation, and additionally the capacity for differentiation into Schwann-like cells. 

In rASCs a high amount of cells expressing hematopoietic marker CD34 and CD45 could be 

observed, indicating a highly heterogeneous ASC culture. Five days after first shockwave 

treatment (P5), no CD34 or CD45 positive cells were present in the shockwave group, but still 

in untreated control (until P7). These findings indicate that already a single shockwave 

treatment leads to higher purity of heterogeneous ASC cultures. It has been described that the 
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presence of cells expressing hematopoietic markers decreases over subsequent expansion (98). 

However, our findings suggest that hematopoietic cells not only undergo a subsequent 

overgrowth by ASCs, but also potentially react more sensitive to ESWT. 

Extracorporeal shockwave treatment, independent of number of treatments, had a favourable 

and no adverse effects in all treatment groups compared to control group. Overall, concerning 

evaluated parameters in this study, treatment groups in all experiments were superior to 

control group. However, the presented study is purely descriptive and does not deal with the 

specific cellular response of MSCs to ESWT. Attempts to describe the cellular response in 

literature include eliciting mechanotransduction (99,100) or transient membrane permeability 

(101), but further studies have to be performed to clarify how these known effects influence 

MSC behaviour in terms of stemness and differentiation capacity.  

 

CONCLUSION 
The observed effect of ESWT on ASCs was twofold: not only did repetitive shockwave 

treatment improve expression of mesenchymal markers, but also multipotency in high 

passages was preserved after extensive expansion, resulting in a higher capacity to 

differentiate into adipogenic and osteogenic lineage as well as Schwann-like cells, with only 

minor changes in cell proliferation and viability.  

However, planned follow up studies in vivo have to verify whether these findings are an in 

vitro effect or represent part of the observed positive effects of the extracorporeal shockwave 

therapy in vivo. 
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ABSTRACT 

As new approaches for peripheral nerve regeneration are sought, there is an increasing 

demand for native Schwann cells for in vitro testing and/or reimplantation. Extracorporeal 

shockwave treatment (ESWT) is an emergent technology in the field of regenerative medicine, 

which recently has also been shown to improve peripheral nerve regeneration. In this study 

we elucidate the effects of ESWT on Schwann cell isolation and culture. Rat sciatic nerves 

were dissected, treated with ESWT and Schwann cells were isolated and cultured for 15 

passages. Single treatment of the whole nerve ex vivo led to significantly increased 

extracellular ATP as an immediate consequence, and subsequently a number of effects on the 

culture were observed, starting with a significantly increased Schwann cell yield after 

isolation. In the ESWT the group quality of culture, reflected in consistently higher purity 

(S100b, morphology), proliferation rate (BrdU, population doublings per passage) and 

expression of regenerative phenotype-associated markers (P75, GFAP, c-Jun), was 

significantly improved. In contrast, the control group exhibited progressively senescent 

behaviour, reflected in a decrease of proliferation, loss of specific markers and increase in 

P16INK4A expression. Concluding, extracorporeal shockwave treatment has beneficial effects 

on Schwann cell isolation and culture.  

 

Key words: Schwann cells; Extracorporeal Shockwave Treatment; Peripheral Nerve 

Regeneration; 
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INTRODUCTION 

Peripheral nerve lesions occur with an incidence of approximately 300.000 cases annually in 

Europe, representing a frequent cause of hospitalization and displaying a major burden to 

patients and social health-care (102).  

Although the peripheral nerve system has a remarkable regenerative potential, regeneration 

over nerve gaps or over long distances, for example after very proximal lesions, faces several 

difficulties. In this regard, nerve autografts are the gold standard to treat peripheral nerve 

injuries with tissue loss, but often do not result in a satisfactory outcome (3). Especially long 

distance gaps or severe injuries affecting several nerves push autografting to its limits 

regarding the availability of donor material. Alternatives to facilitate nerve regeneration, such 

as artificial nerve guidance tubes or other types of scaffolds, application of neurotrophic 

substances, etc are sought. Some of these approaches are currently used in clinical nerve 

repair, though there is an ongoing debate as concerns their appropriate use, effectiveness and 

side-effects (103,104). One of the major reasons for the unsatisfactory outcome after repair of 

long distance gaps is the limited proliferative capacity of Schwann cells (105). Schwann cells 

play a key role in peripheral nerve regeneration: they participate in the removal of myelin and 

axonal remnants, start proliferating and align to build the so called bands of Büngner (106). 

After the axon has elongated along these bands of Büngner, the Schwann cells start to 

remyelinate the newly formed axon to complete the regenerative process.  

A novel strategy to improve the functional outcome of peripheral nerve regeneration is the 

therapy of injured nerves with extracorporeal shockwave treatment (ESWT). Historically, 

ESWT has its origin in the field of urology with destroying kidney stones (68), but it has also 

been proven to be an effective therapeutic tool in the field of regenerative medicine. In clinics 

and pre-clinics, beneficial effects have been reported in treatment of various medical 

indications such as non-union fractures (69–71), ischemia-induced tissue necrosis (72), or 

chronic wounds (73,74). The shockwave generated is a sonic pulse and is characterized by an 

initial rise, reaching a positive peak of up to 100 MPa within 10 ns, followed by a negative 

amplitude of up to - 10 MPa and a total life cycle of less than 10 µs. Biological responses are 

thought to be triggered by the high initial pressure, followed by a tensile force and the 

resulting mechanical stimulation (78).  

Recently, Hausner et al. (37) showed a novel approach of accelerating regeneration after 

peripheral nerve injury, bridged with an autologous nerve graft. After dissecting and bridging 

the sciatic nerve of a Sprague Dawley rat, extracorporeal shockwaves were applied at the site 
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of injury. Six weeks after surgery animals of the ESWT group exhibited a significantly 

improved functional recovery relative to the controls. Based on this study we investigated in 

vitro Schwann cell behavior after ESWT treatment with focus on their regenerative capacity.  

 

MATERIAL AND METHODS 

Shockwave treatment of nerve tissue and Schwann cell isolation 

All animals were euthanized according to established protocols, which were approved by the 

City Government of Vienna, Austria in accordance with the Austrian Law and Guide for the 

Care and Use of Laboratory Animals as defined by the National Institute of Health. Animals 

and treatment/control groups were randomly chosen and analysed without pre- or post 

selection of the respective nerves or cultures.  

For ex vivo shockwave treatment an unfocused electro-hydraulic device was used (Dermagold 

100, MTS Medical, Germany). The applicator was attached to a water bath as described in 

other studies (38,81,107) ensuring direct contact to the prewarmed (37°C) water, allowing 

reproducible physical propagation and application of shockwaves in vitro. Sciatic nerves of 

adult male Sprague Dawley rats were dissected and each nerve was transferred into a 15 mL 

conical centrifuge tube (PAA, Austria) containing phosphate buffered saline (PBS; PAA, 

Austria) pre-chilled on ice. Nerves were kept on ice until further use but not longer than one 

hour. For ESWT application, tubes were placed 5 cm in front of the applicator inside the 

water container. Subsequently, unfocused shockwaves were applied using the parameters 

chosen according to previous experiments (37) in order to maximize the effect of the ESWT 

treatment, while minimizing possible negative effects: 300 pulses at an energy level of 0.10 

mJ/mm2 with a frequency of 3 Hz. The corresponding second nerve from the same animal 

served as control and was placed in a water bath (37°C) for the time of treatment to avoid the 

creation of artefacts due to different sample treatments. 

After ESWT treatment, Schwann cells were isolated from the treated and non-treated sciatic 

nerve tissues according to a method adapted from (108). Briefly, the epineurium was removed 

and nerves were weighed on a fine scale to assess nerve wet weight (Sartorius, Austria). 

Subsequently nerves were strained and minced. Nerve fragments were incubated with 0.05% 

collagenase (Sigma-Aldrich, UK) for 1 hour at 37°C subsequently filtered through a 40 µm 

cell strainer and centrifuged at 400 x g for 6 minutes. After washing the cell pellet with 

Dulbecco’s Modified Eagle Medium (DMEM; PAA, Austria) containing 10% fetal calf serum 
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(FCS; PAA, Austria), the pellet was resuspended in DMEM-D-valine (PAA, Austria), 

supplemented with 10% FCS, 2 mM L-Glutamine (PAA, Austria), 1% antibiotics (PAA, 

Austria), N2 supplement (Invitrogen, Germany), 10 µg/mL bovine pituitary extract (Sigma-

Aldrich), 5 µM forskolin (Sigma-Aldrich). This medium is further referred to as “Schwann 

cell medium”. Cell suspension was seeded on 6-well plates (PAA, Austria) coated with poly-

L-lysin (Sigma-Aldrich) and laminin (Sigma-Aldrich).  

 

Cell culture and experimental set up 

Cells were subcultured for the first time after 19 days, to establish a proliferative phenotype 

and keep them in a proliferative state. Schwann cell medium was added on day 5 after 

isolation (1 mL), and was partially (50%) changed on day 9, 13 and 17. Subsequent splitting 

of cells was performed for 15 passages as follows: cells were detached with a cell scraper, 

centrifuged at 1200 rpm for 5 minutes and seeded at a density of 4x104 cells/cm2 on plates 

previously coated with poly-L-lysin. Residual cells were used for flow cytometric analysis, 

BrdU assay and protein isolation. Medium was partially (50%) changed every third day and 

cells were split every sixth day. Scheme of analysis performed is shown in Figure 11. 

	  
Figure 11: Diagram illustrating the schematic setup of the experiments and assays performed; Abbreviation P0-
P15: passage 0 to passage 15; 

 

Evaluation of cell yield  

To evaluate cell yield, representative phase contrast pictures were taken from each culture 

using a Leica DMI6000B microscope (Leica, Solms, Germany), and cells were counted using 

a Bio-Rad TC20TM automated cell counter (Bio-Rad Laboratories Inc., US). Non-viable cells 

were identified and excluded by trypan blue staining. Cell count was normalized to 10 mg 

nerve wet weight assessed before isolation. 
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Proliferation assay 

Proliferation assay using a 5- bromo-2-deoxyuridine uptake (BrdU; Cell Proliferation ELISA 

assay Kit; Roche Diagnostics, Switzerland) for quantitative evaluation of Schwann cell 

proliferation was performed according to manufacturer’s instructions. Briefly, poly-L-lysine 

coated 96 well plates were seeded with cells at a density of 2.5x104 cells/cm2. After 48 hours 

medium was changed to Schwann cell medium containing 100 µM BrdU and cells were 

incubated for 24 hours at standard cell culture conditions (37°C and 5% CO2). The culture 

plates were fixated with FixDenat® solution and subsequently incubated with anti-BrdU POD 

antibody solution for 60 minutes at room temperature. After washing the plate with PBS, 

tetramethyl benzidine was added for 30 minutes as a substrate. The reaction was stopped with 

1 M H2SO4 and absorption was measured at 450 nm with 690 nm as reference wavelength on 

an automatic microplate reader (Tecan Sunrise; Tecan, Switzerland). 

 

Flow cytometric analysis 

Purity of the Schwann cell cultures was evaluated with flow cytometry for common Schwann 

cell markers: anti-S100b (rabbit polyclonal; Dako, Denmark), anti-P75 NGFR (goat 

polyclonal; Santa Cruz Biotechnology, USA), and anti-P0 (rabbit polyclonal; Santa Cruz 

Biotechnology, USA). Antibodies were labeled with Allophycocyanin (APC) (Lynx Rapid 

Conjugation Kit, ABD Serotec, UK). For analysis, cells were detached with a cell scraper and 

incubated with the antibodies (1:200) on ice and in the dark for 20 minutes. Cell pellets were 

washed twice and resuspended in 200 µl PBS. Flow cytometric analysis (10.000 events) was 

performed with a BD FACS Canto II (Becton Dickinson, USA) and data was evaluated with 

Flowjo Version 8.8 (Tree Star Inc, USA). 

 

Immunoblotting 

Total protein of cells was extracted using Trizol (peqGold TriFast, Peqlab, Austria) according 

to manufacturer’s instructions. Briefly, proteins were precipitated from organic phase with 

ethanol and pelleted by centrifugation (12.000xg, 10 min, 4°C). Protein pellet was washed 

three times with 0.3 M guanidine hydrochloride (Sigma Aldrich, UK) in 95% ethanol and 

once with 100% ethanol (Merck, Germany), each washing step followed by centrifugation 

(7500xg, 5 min, 4°C). Supernatants were discarded and dry protein pellets solubilized in 1% 

SDS (Sigma Aldrich, UK) in analytical grade water.  

Equal amounts of protein (up to 3 µg/lane; one donor per gel: passage 2, passage 7, passage 

15) were separated on a 12% SDS-polyacrylamide gel and blotted onto a nitrocellulose 
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membrane. Membranes were blocked with 5% skim milk in Tris buffered saline containing 

1% Triton-X100 (Sigma Aldrich, UK) (TBS-T) for 120 min, and incubated with primary 

antibodies S100b (Dako, Netherlands), c-Jun (abcam, UK), GFAP (Bioss USA, USA), 

P16INK4A (abcam, UK), α-Tubulin (Calbiochem, USA) diluted in 5% bovine serum albumin 

(Sigma Aldrich, UK) (BSA) in TBS-T at 4°C on a roll mixer for 12 hours. Membranes were 

washed twice with TBS-T and incubated with the secondary antibody in 5% milk-TBS-T. 

Signals were detected using an Odyssey Fc infrared imaging system (LI-COR Biosciences; 

US). After membranes were incubated in 1x NewBlot IR Stripping Buffer (LI-COR 

Biosciences) on a shaker at room temperature for 5 min and washed three times in PBS, 

membranes were re-probed with total antibodies. Ratio of analysed protein to housekeeping 

gene α-tubulin was densitometrically analysed using Image Studio Version 5.0.21 (LI-COR 

Biosciences). 

 

Activation switch 

In passage 4, 9 and 15, the activation status and the capacity to switch activation status 

(proliferating to pro-myelinating) were assessed. Cells were split (2x104 cells/cm2, 24 hours 

adherence time) in two groups: one was cultured in Schwann cell medium, and the other one 

in basic medium (DMEM-D-valine (PAA, Austria), supplemented with 10% FCS, 2 mM L-

Glutamine, 1% antibiotics) without supplements favouring the proliferating or the pro-

myelinating status, respectively. Proliferation behaviour (BrdU ELISA) and marker 

expression (flow cytometry) were assessed 5 days after medium switch.  

 

ATP Release and Lactate Dehydrogenase (LDH) Release 

The amount of ATP released into the supernatant from nerve tissue treated with ESWT was 

determined using the CellTiter-Glo assay (Promega, Germany). Sciatic nerves were dissected 

and kept in PBS on ice until further treatment. After removing the epineurium and teasing of 

the nerve fibres with a mounted needle (15 times in fibre direction), remaining nerve tissue 

was placed in 500 µl DMEM. Shockwave treatment was performed at 37°C and with 

following parameters: 300 pulses with 3 Hz and 0.03 mJ/mm2, 0.10 mJ/mm2 or 0.19 mJ/mm2. 

Control group was placed in a water bath (37°C). Nerve tissue was incubated for 5 min on ice 

and subsequently centrifuged at 1500 rpm for 5 min at 4°C. Supernatant was transferred to a 

micronic tube (150 µl) for LDH measurement (Cobas C111- Roche Diagnostics, 

Switzerland), and 96-well plate (triplicate, 100 µl) for ATP measurement. An equal amount of 

CellTiter-Glo reagent was added, the plate was horizontally shaken for 2 min, and after 
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incubation for 10 min at room temperature, the resulting luminescence was measured. ATP 

standards were used for calibration of the measured luminescence. After sampling of the 

initial supernatant, fresh, ice-chilled DMEM was added on nerve tissue and was incubated on 

ice for another 30 min. ATP and LDH concentration in supernatants was quantified as before. 

 

Statistics 

All data in this study are shown as mean ± standard deviation (S.D.) and were tested for 

normal distribution. Statistical analysis was performed using –depending on groups analysed- 

student t test or one-way ANOVA (analysis of variance) followed by Tukey range test for 

significant differences between the means. Significance was considered for P<0.05. For 

statistical calculations GraphPad Prism 5 for Mac OS X, Version 5.0b (GraphPad Software, 

Inc., USA) was used.  

 

 

RESULTS 

Increased cell yield by incorporation of ESWT in the isolation process 

To evaluate effects on the isolation efficacy, cells were counted after 19 days in culture, and 

cell number was normalized to 100 mg nerve wet weight. Sciatic nerve weights ranged 

between 66.2 and 88.5 mg and there was no significant difference between the groups (Figure 

12B).  

As shown in Figure 12A, cell yield after 19 days was significantly increased in the ESW 

treated group. While initial cell count revealed 1.62x106 ± 9.3% cells per 100 mg nerve wet 

weight in the control group, cell yield in the ESW treated group was on average 52.3% higher 

(3.10x106 ± 8.2% cells per 100 mg nerve wet weight). Furthermore, Figure 12A illustrates a 

consistent improvement of the cell yield for every culture assessed.  
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Figure 12: ESWT resulted in an increased cell yield; A) Intra-animal comparison of Schwann cells counted after 
19 days in culture, normalized on 100 mg nerve wet weight, n=12; B) nerve wet of the respective nerves, 
assessed with a fine scale before isolation; n=12; C) phase contrast micrographs of SCs in passage 0, untreated 
(CTRL) and treated with extracorporeal shockwaves (ESWT); 

 

BrdU assay and population doublings per passage reveal a significantly higher 

proliferation after ESWT for 15 passages  

The cell proliferation was quantified using a BrdU assay and assessment of population 

doublings per passage. In all passages examined (passage 1, 4, 7, 10, 13 and 15), Schwann 

cells treated with ESWT showed a higher proliferative behaviour than the Schwann cells in 

the control group, respectively (Figure 13). Furthermore proliferation decreased steadily in 

the control group starting in passage 4, while proliferation in the ESWT group further 

increased until passage 7 and remained at a similar level until passage 15. Western Blot 

analysis in passage 2, 7 and 15 also exhibited a steady increase in the cell-cycle-

arrest/senescence marker P16INK4a in the control group, while ESWT group remained at the 

same low level for the tested passages (Figure 15).  
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Figure 13: BrdU assay and population doublings per passage revealed a significantly higher proliferation of the 
ESW treated Schwann cells over 15 passages; BrdU: n=6 rats, values were obtained in quadruplicates in passage 
1, 4, 7, 10, 13 and 15; Population doublings per passage: population doublings were obtained by cell count in 
passage 1, 4, 7, 10, 13 and 15; n=6 rats; data is shown as mean ± SD, and significance was tested with student t 
test; *P < 0.05; **P < 0.01; ***P < 0.001; 

	  

Sustained purity and P75 expression after ESWT for extended culture period 

In order to determine purity and phenotype of these cultivated cells, expression of Schwann 

cell specific marker S100b, as well as the markers P75 (proliferative/regenerative phenotype) 

and P0 (myelinating phenotype) were assessed in vitro over 15 passages with flow cytometry 

(Figure 14).  

	  

Figure 14: Schwann cells treated with ESW show an increased purity (100b) over 15 passages, along with 
increased expression of proliferation associated marker P75 and a decreased expression of myelin marker P0; 
Flow cytometric immunophenotype analysis (S100b, P75, P0) of Schwann cells treated with ESWT (black), 
compared to control (grey) over 15 passages (P1-P15); one passage represents the detachment, counting, and 
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seeding of the cells with 4*104 cells/cm2 for 5 days; n=10 rats; data is shown as mean of percentage marker 
positive cells ± SD and significance was tested with student t test; *P < 0.05; **P < 0.01; ***P < 0.001; 

In passage 1 24.2% more cells expressed S100b in the ESW treated group compared to the 

control group (62.6% compared to 38.4%). In both groups Schwann cell purity increased in 

passage 2 to 70.0% (ESWT) and 57.3% (CTRL). However, starting in passage 3, S100b 

expression in the control group decreased steadily over the following passages. In contrast, in 

the ESW treated group expression increased until passage 5 (85.3%) and remained at this 

level until passage 15 (Figure 14 S100b). A similar temporal pattern applied to the expression 

of the proliferation-associated marker P75, briefly: while control group reached a peak 

expression of 36.7% in passage 3, steadily decreasing over time, ESW treated cells increased 

from 57.4% P75 expression to 83.1% positive cells and remained at this level until passage 15 

(Figure 14 P75). Myelin marker P0 was downregulated in both groups, however stronger in 

the ESWT treated group, exhibiting a significant difference in passage 3 where control group 

showed an increase of 9.0% compared to passage 2 (Figure 14 P0). 

Protein expression levels using Western Blot densitometric analysis revealed a similar 

difference between the groups in the expression of S100b as found with flow cytometry in the 

respective passages passage 2, 7 and 15 (Figure 15, S100b). Further analysis of the markers c-

Jun and GFAP - both associated with the proliferative Schwann cell phenotype- exhibited an 

increase of both markers in the ESWT group and a decrease in the control group (Figure 15). 

	  

Figure 15: Western Blot analysis of Schwann cell protein lysate demonstrates a decrease of Schwann cell 
markers in the control group along with a simultaneous increase of senescence marker P16; Western Blot 
analysis of Schwann cells in passage 2, passage 7 and passage 15, treated with ESW compared to untreated 
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control. Blots were densitometrically analysed and data is presented as mean ± SD (n=6), statistical significance 
was tested with 1-way ANOVA and Tukey range test; *P<0.05, **P<0.01, ***P<0.001; 

	  

Schwann cells treated with ESWT display a consistent morphology 

Schwann cell morphology was assessed in passage 0, 5, 9 and 15 using phase contrast 

microscopy (Figure 16). Schwann cells of both groups showed a spindle or tripolar shape in 

passage 0. Starting in passage 5, a second cell morphology was found in the control group, 

similar to the classic fibroblastic phenotype. Cells exhibiting this morphology increased in 

number from passage 5 to passage 15 in the control group (Figure 16, indicated with arrows), 

while the ESWT treated group revealed a homogenous Schwann cell morphology over 15 

passages.  

 

	  

Figure 16: Morphology of Schwann cells changes over time in the control group, while it remained consistent in 
the group treated with extracorporeal shockwaves (ESWT); Phase contrast micrographs depicting Schwann cells 
in passage 0, 5, 9 and 15 of control group (CTRL, upper bar) and ESW treated group (lower bar); arrows mark 
cells displaying non-typical morphology (tripolar, fibroblast-like); size bar indicates 200 µm. 

	  

Schwann cells revert faster to myelinating phenotype after ESWT 

To demonstrate that the proliferative activation of SCs is not permanent and reversible the 

Schwann cell ability to switch phenotype from proliferating to pro-myelinating was tested. 

Therefore in passage 4, 9 and 15, medium was changed to medium lacking pro-proliferative 
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growth factors - giving the cells a minimal stimulus to change their phenotype. Flow 

cytometry revealed no change in expression of S100b between the cells cultured in the 

different mediums in the respective passages (Figure 17). In passage 4 cells of the control 

group and the ESWT group were able to perform the switch, as it can be seen in Figure 17: 

P75 was significantly down-regulated while P0 was strongly upregulated. Expression of P0, 

however, was significantly higher in the ESW treated group. In passage 9 and 15 only cells of 

the ESWT group reacted to the stimulus by significant down-regulation of P75 together with 

up-regulating P0. BrdU assay confirmed a significantly decreased proliferation in the ESW 

treated group cultured in pro-myelination medium compared to proliferation medium (Figure 

17, lower panel). 

	  
Figure 17: Schwann cells treated with ESWT can express both phenotypes (regenerative and pro-myelinating) 
dependent on culture medium, but independent of passage number; Flow cytometry analysis concerning 
expression of Schwann cell markers S100b, P75 and P0 of Schwann cells in activation medium and pro-
myelinating medium (day 5 after medium switch); control group is shown in grey, ESWT group in black; 
statistical significance was tested with 1-way ANOVA and Tukey range test; data is presented as mean ± SD; 
*P<0.05, **P<0.01, ***P<0.001: comparison of activation to pro-myelination medium of the respective groups; 
†P<0.05, ††P<0.01, †††P<0.001: comparison between CTRL and ESWT group; BrdU ELISA of Schwann cells 
in activation medium and pro-myelination medium; statistical significance was tested with 1-way ANOVA and 
Tukey range test; data is presented as mean ± SD; *P<0.05, **P<0.01, ***P<0.001; n=6; 
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ESWT induces immediate and sustained ATP release  

Purinergic signalling is capable of inducing enhanced proliferation after ESWT treatment, 

associated with ATP release (38). Therefore, we assessed ATP release of the ex vivo treated 

sciatic nerves. Extracellular concentration of ATP was enhanced depending on the applied 

energy flux densities. The “minimal” setting with the lowest energy level (0.03 mJ/mm2) did 

not result in any initial increase whereas application of ESW with treatment (0.1 mJ/mm2) as 

well as the “maximal” setting (0.19 mJ/mm2) had a significant increase in initial extracellular 

ATP as a consequence (Figure 18 ATP 5 min). Nerve tissue was incubated in freshly added 

DMEM for 30 min on ice to assess sustained ATP release. These supernatants showed a 

generally lower concentration of ATP in all groups, however treatment (0.1 mJ/mm2) and 

maximal setting (0.19 mJ/mm2) showed again higher levels than control and minimal setting 

(0.03 mJ/mm2) (Figure 18, ATP 30 min). Among other triggers, ATP can be released into the 

extracellular space due to cell membrane damage. In order to exclude membrane damage as 

the reason for increased extracellular ATP after ESW treatment we assessed extracellular 

lactate dehydrogenase (LDH) concentration as an indicator for cell damage. As seen in Figure 

18 (LDH), supernatants of nerve tissue that received the highest energy (0.19 mJ/mm2), were 

the only ones that showed significantly enhanced LDH concentrations. At both time points, 

our selected treatment setting (0.1 mJ/mm2) did not increase levels of extracellular LDH when 

compared to the control group. 

	  
Figure 18: Extracellular ATP was significantly increased in nerves treated with 0.1 mJ/mm2 (Treat) over a period 
of 30 minutes, with no increase in cell damage (LDH); whole nerves without epineurium were treated with ESW 
of different energy levels: 0.03 (Min), 0.10 (Treat) and 0.19 mJ/mm2 (Max) and compared to the untreated 
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control; ATP concentration in the supernatant was determined after 5 min and 30 min on ice with luminescence, 
alongside with assessment of LDH; amount of ATP was calculated using ATP standards; LDH was normalized 
to untreated control; n=5; statistical significance was tested with 1-way ANOVA and Tukey range test; *P<0.05, 
**P<0.01, ***P<0.001; 

	  

	  

DISCUSSION 

After peripheral nerve injury, Schwann cells are triggered to change their phenotype from 

myelinating to activated, proliferating, building Bands of Büngner- the substrate for 

outgrowing axons. There is a myriad of studies describing the importance of Schwann cells 

during peripheral nerve regeneration (eg Frostick et al., 1998; Bhatheja and Field, 2006; Toy 

and Namgung, 2013), but the difficulties and issues associated are also well-known (112–

114). Especially in long-distance injuries, the demand for supportive Schwann cells expanded 

in vitro (e.g. seeded on a tubular graft) would be high, as autologous Schwann cells lack the 

proliferative capacity to provide bands of Büngner throughout a tube longer than 40 mm 

(105). This limited proliferative capacity is also reflected in vitro, displaying together with 

insufficient purity the main issue of Schwann cell cultures. To our knowledge, we are the first 

to demonstrate an increase in proliferation, proliferative capacity and purity in in vitro 

Schwann cell cultures with ESWT.  

The basis for our study was found in two preceding shockwave studies. Hausner et al. (37) 

showed that shockwave treatment after nerve dissection leads to significantly accelerated 

regeneration in a rat model. It was hypothesized that this effect may result from improved 

macrophage infiltration and an earlier onset of regeneration. However, Weihs et al. (38) 

elucidate in their study how ESWT stimulates cell proliferation in several cell types (e.g. 

mesenchymal stem cells) by ATP release-coupled extracellular signal-regulated kinase (ERK) 

activation. Applying ESWT on the whole nerve before isolation of Schwann cells, our results 

demonstrate that ESWT is capable of enhancing the extracellular levels of ATP without 

causing any cell membrane damage. Furthermore, the sustained release over 30 minutes 

suggests an active mechanism of ATP release. 

Analysing the cultures in passage 0 we assessed a significantly higher cell yield in all cultures 

treated with ESWT (Figure 12), alongside a significantly increased proliferation rate in 

passage 1 (Figure 13). In the shockwave treated group quality of culture, reflected in purity 

and proliferation rate, improved over the first passages: S100b, a marker indicating purity of 

Schwann cells, increased over the first five passages and remained at the level for the period 
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of analysis; this purity was also observed in morphology of Schwann cells (Figure 15); 

moreover P75 increased over time, while P0 in the same manner decreased until passage 4 

and subsequently was not expressed (Figure 14); P0 and P75 are known to counteract each 

other (115): P0 is a myelin component and therefore solely expressed in myelinating Schwann 

cells (116), while P75 is a marker associated with the regenerative, proliferating phenotype of 

Schwann cells (26,35). Western blot analysis at three time points throughout the culture 

period revealed a similar expression pattern for S100b, acting as a control marker between the 

methods (Figure 15, compared to Figure 14 S100b). GFAP and c-Jun were also upregulated in 

passage 7 (compared to passage 2) and showed a comparable expression in passage 15. Both 

markers are associated with the regenerative phenotype. GFAP is suppressed in myelinated 

axons and becomes upregulated after injury, initiating proliferation by binding of integrin 

αvβ8 (117). The transcription factor c-Jun however is an antagonist to Krox20, a protein 

controlling the myelination in the peripheral nervous system, and displays one of the key 

regulators to initiate and maintain the regenerative phenotype (30,118). Together with the 

strongly increased proliferation (assessed with BrdU assay and population doubling per 

passage), the Schwann cells treated with ESWT represent a highly regenerative phenotype for 

an extended culture period of 15 passages (103 days). 

As the sum of these observations leads inevitably to the question whether hyper-proliferating 

Schwann cells may lead to adverse effects such as post-stimulus proliferation and 

subsequently Schwannoma formation, we conducted a functionality experiment. Schwann 

cells were cultured for five days in basic medium lacking any kind of proliferation stimulating 

growth factors (forskolin, PEX). Schwann cells treated with ESWT reacted even more to the 

change of stimulus, independent of the passage: they not only stopped proliferating (Figure 

17- BrdU), but also significantly downregulated the proliferation-associated marker P75 and 

upregulated the myelin component P0. This prompt and consistent reaction to the absence of 

mitogenic growth factors demonstrates their capacity to switch to the myelinating phenotype. 

However, the functionality of the SCs in an in vivo defect model has to be shown. 

In contrast to the ESWT group, the untreated Schwann cells did not display a consistent 

Schwann cell phenotype over the culture period of 15 passages. Starting with passage 5 to 7, 

purity and proliferation significantly decreased. Abated purity was observed in lower 

expression of S100b (Figure 14/Figure 17), as well as in increased appearance of cells 

displaying an atypical morphology (Figure 16). Reduced proliferation was primarily assessed 

in a decline of population doublings and additionally by reduced BrdU OD values. The entire 
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marker expression levels associated with the regenerative phenotype (P75, GFAP, c-Jun) 

diminished over time, while the senescence marker P16 significantly increased. Therefore, 

our in vitro study reflects the before mentioned in vivo problem and represents a possible 

solution: the limited proliferative capacity of Schwann cells can be improved with ESWT. 

With treated Schwann cells building a growth substrate faster and for a longer period of time, 

the in vivo effect can be twofold: not only results ESWT in an acceleration of regeneration by 

activating autologous Schwann cells – as it has been shown by Hausner et al. (37)- but would 

also allow reimplantation of a high number of autologous Schwann cells expanded ex vivo, in 

a decidedly regenerative state.  

A partial explanation for the underlying mechanisms of the observed effects could be the 

sustained ATP release. A wide range of mechanisms from vesicular release over 

connexins/pannexins to ABC transporters are thought to conduct an active release of ATP 

(119–121). Subsequent purinergic signalling plays a crucial role not only as a danger 

associated molecular pattern but also in a variety of cellular functions such as proliferation, 

chemotaxis, differentiation and amplification of other signals (38,122). This includes 

Schwann cell – axon interactions. Especially immature/unmyelinating Schwann cells signal 

via extracellular ATP in a paracrine manner with axons (123,124). It was proposed that ATP 

and glutamate are building a positive feedback loop enhancing their activities (125). The fate 

of Schwann cells is influenced by neuronal activity, by the activation of purinergic 

metabotropic P2Y receptors and direct actions of ATP and its metabolite adenosine (126–128) 

as well as the activation of metabotropic glutamate receptors (129). Furthermore, purinergic 

signalling is thought to be both an autocrine and a paracrine amplifier for other signalling 

inputs. This is a further explanation for the enhanced proliferative activity of ESWT treated 

Schwann cells in medium containing proliferation-inducing factors such as Forskolin and 

PEX. Adenosine, a metabolic product of ATP hydrolization, is hypothesized to play a role in 

learning by affecting histone modifying proteins resulting in epigenetic changes (130). 

Therefore, the prolonged phenotypic stability and increased susceptibility to external stimuli 

as observed in the phenotype switch experiments in this study may be explained by epigenetic 

changes.  

Concluding, we observed a higher proliferative activity without phenotype commitment, 

increased purity of the culture as well as reduced expression of senescence associated markers 

even after long cultivation periods. These positive effects of ESWT on Schwann cell isolation 

and cultivation may partly be explained by the actions of extracellular ATP. However, in 
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order to gain a deeper understanding of the effects of ESWT on Schwann cells and their 

natural habitat, the nerve, further studies in vitro as well as in vivo focusing on purinergic 

signalling, mechanotransduction and epigenetic processes have to be performed.  

ACKNOWLEDGMENTS 
The financial support by the City of Vienna Project (MA23#14-06) is gratefully 

acknowledged. We sincerely thank Anna Khadem for the assistance with the LDH 

measurement and Susanne Wolbank for proofreading the manuscript. 

 

  



	   53	  

 

 

 

 

 

 

CHAPTER II 

Fibrin and activated Schwann cells as a potential 
luminal filler for nerve guidance conduits 
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ABSTRACT 

Tissue engineering approaches in nerve regeneration search for ways to support gold standard 

therapy (autologous nerve grafts) and to improve results by bridging nerve defects with 

different kinds of conduits. In this study, we describe electrospinning of aligned fibrin/PGLA 

fibres in an attempt to create a biomimicking tissue-like material seeded with Schwann cell-

like cells (SCLs) in vitro for potential use as an in vivo scaffold. 

Rat adipose-derived stem cells (rASCs) were differentiated into SCLs and evaluated with 

flow cytometry concerning their differentiation and activation status (S100b, P75, MAG, P0). 

After receiving the proliferation stimulus forskolin, SCLs expressed S100b and P75; 

comparable to native, activated Schwann cells, while cultured without forskolin cells 

switched to a pro-myelinating phenotype and expressed S100b, MAG and P0.  

Human fibrinogen and thrombin, blended with Poly Lactic-co-Glycolic Acid (PGLA), were 

electrospun and the alignment and homogeneity of the fibres were proven by scanning 

electron microscopy (SEM). Electrospun scaffolds were seeded with SCLs and the formation 

of Büngner-like structures in SCLs was evaluated with phalloidin/propidiumiodide staining. 

Carrier fibrin gels containing rASCs acted as a self-shaping matrix to form a tubular structure.  

In this study we could show that rASCs can be differentiated into activated, proliferating 

SCLs and that these cells react to minimal changes in stimulus, switching to a pro-

myelinating phenotype. Aligned electrospun fibrin-PGLA fibres promoted the formation of 

Büngner-like structures in SCLs, which also rolled the fibrin-PGLA matrix into a tubular 

scaffold. These in vitro findings favour further in vivo testing.  

 

Keywords: peripheral nerve regeneration; Schwann cell-like cells; electrospinning; fibrin; 
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INTRODUCTION 

Lesions of peripheral nerves occur with a prevalence of about 5% in traumatic injuries. The 

gold standard treatment of peripheral nerve defects with loss of nerve tissue is still the 

autologous nerve transplant. In autologous nerve transplants, an exclusively sensitive nerve 

(e. g. sural nerve) is transplanted to the defect site, providing guiding structures and Schwann 

cells to augment axonal regeneration. Major drawbacks in the use of autografts are limited 

availability and loss of a healthy donor nerve, as well as donor site morbidity. (9,102,131,132) 

New approaches in tissue engineering look at ways to support autologous nerve grafts and to 

improve the results by bridging nerve defects with different kinds of conduits (9). Promising 

results are found in conduits seeded with Schwann cells (131,132), which again require a 

second incision site to isolate the Schwann cells, potentially leading to donor site morbidity 

(102).  

To address the issue of sacrificing a healthy donor nerve, alternative sources for Schwann 

cells were sought. Tissue-resident mesenchymal stem cells (MSCs) are a key component in 

maintaining tissue integrity and have been shown to participate in tissue regeneration, e. g. 

responding to injury (46). Due to their role in tissue regeneration, MSCs are thought to be a 

promising tool for tissue engineering, representing an alternative cell source to tissue specific 

cells, such as Schwann cells, which are usually difficult to obtain. In contrast, there is a 

variety of easily accessible tissues MSCs can be isolated from, including adipose tissue (49), 

bone marrow (47) or umbilical cord blood (48). These cells have shown potential to 

differentiate ex vivo into various mesenchymal cell types such as adipocytes, osteoblasts, 

chondrocytes or fibroblasts (50–53), but also other lineages including Schwann cell-like cells 

(54,55). Moreover, their immunogenic phenotype lacks major histocompatibility complex 

class II (MHC II) and hinders T cell stimulation and subsequently immunogenic responses 

(46,56,57). Some studies even demonstrated immunosuppressive properties of MSCs (58,59).  

A crucial factor when utilizing therapeutic cells in the field of nerve tissue engineering is the 

form of application. It was shown that Schwann cells align along orientated fibres, forming 

Bands of Büngner and enhancing axonal regeneration (133,134). An effective method to 

fabricate aligned fibres is electrospinning, in which electrostatic forces are utilized to create 

micro- or nanofibres from a solution of polymers (135,136). The efficiency of this process, as 

well as the quality of the final fibre product, are influenced by a variety of factors, including 

polymer concentration, viscosity of the solution, voltage between solution and ground 

electrode, the distance between the Taylor cone and the ground electrode, and environmental 
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conditions (137,138). The electrospinning method offers the possibility to obtain a 

standardized fibrous scaffold from a variety of polymers. 

The formation and controlled degradation of fibrin is one of the major components in natural 

wound healing. It is not only important for hemostasis, but also acts as a provisional growth 

matrix for tissue-specific cells (139). Fibrin sealants are used in several surgical applications 

and have become a versatile scaffold in the field of tissue engineering, augmenting 

regeneration in a variety of tissues such as bone (140–142), skin (143,144) or cartilage 

(145,146). Fibrin is an especially important factor in nerve regeneration: after an injury, nerve 

stumps leak fibrin plasma exudate into the affected area, forming fibrin cables that enable 

Schwann cells to migrate towards the distal stump and form Bands of Büngner (1,39). Fibrin 

is a key regulator to myelin formation. As long as fibrin is present, Schwann cells cannot 

switch to their myelinating phenotype, and continue proliferating. Moreover, fibrin induces 

the production of P75 low-affinity NGF receptor. (147)  

In this study, we describe electrospinning of aligned fibrin fibres in an attempt to create a 

biomimicking tissue-like material seeded with well-characterized Schwann cell-like cells 

(SCLs) in vitro for a potential use as scaffold in vivo to treat peripheral nerve defects.  

 

MATERIAL AND METHODS 

Isolation and culture of cells from rat tissue 

Isolation of mesenchymal stem cells from adipose tissue (rASCs)  

Rats were euthanized according to established protocols, which were approved by the City 

Government of Vienna, Austria in accordance with the Austrian law and the Guide for the 

Care and Use of Laboratory Animals as defined by the National Institute of Health. Fat pads 

of 4 - 10 male rats (Sprague-Dawley) were minced and incubated in 2% collagenase 

(Biochrom, Germany). Digestion was stopped by addition of culture medium (PAA, Austria) 

containing 10% FCS. The digested tissue was filtered through 100 µm cell strainers (BD 

Falcon, Germany) and centrifuged for seven minutes at 400 x g. The supernatant, containing 

mature adipocytes, was discarded and the pellet with pre-adipocytes, mesenchymal stem cells 

and stromal cells was washed with phosphate buffered saline (PBS) (PAA, Austria) and 

centrifuged at 400 x g. The resulting rASCs separated from adipose tissue were seeded on 

T75 cell culture flasks (PAA, Austria) for expansion.  
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After isolation, rASCs were cultivated using standard cell culture conditions (37°C, 5% CO2) 

in Dulbecco’s modified Eagles medium (low glucose, PAA, Austria) and Ham’s F12 (PAA, 

Austria) supplemented with 10% fetal calf serum (FCS; PAA, Austria), 200 µM L-glutamine 

and 1% antibiotics (PAA, Austria). For expansion, cells were cultivated in cell culture flasks 

(PAA, Austria) with an initial seeding density of 3 x 103 cells/cm2. At a confluence of 80-

90%, cells were split with Accutase™ (PAA, Austria).  

Isolation of native Schwann cells 

Schwann cells from rat sciatic nerves were isolated as described by (108). Briefly, sciatic 

nerves of adult male Sprague Dawley rats were dissected and minced after removing the 

epineurium. Nerve fragments were incubated with 0.05% collagenase for 1 hour at 37°C, 

subsequently filtered through a 40 µm cell strainer and centrifuged at 400 x g for 6 minutes. 

After washing the cell pellet with DMEM containing 10% FCS, the pellet was resuspended in 

DMEM-D-valine (PAA, Austria), supplemented with 10% FCS, 2 mM L-glutamine, 1% 

antibiotics, N2 supplement (Sigma Aldrich, UK), 10 µg/mL bovine pituitary extract (Sigma 

Aldrich, UK), 5 µM forskolin. Cell suspension was seeded on 6-well plates (PAA, Austria) 

coated with poly-L-lysine (Sigma Aldrich, UK) and laminin (Sigma Aldrich, UK). Cells were 

evaluated 19 days after isolation. 

Differentiation and Characterization of cells 

In vitro differentiation of rASCs into SCLs  

Differentiation into SCLs was performed in a three-step procedure as modified from (54). 

Briefly, rASCs in P1 were plated at a density of 0.5 x 103 cells/cm2 and after 36 hours of 

reattachment in DMEM (high glucose; PAA, Austria) supplemented with 10% FCS, 200 µM 

L-glutamine and 1% antibiotics (PAA, Austria), cells were prepared for differentiation into 

neural lineage by incubation with 1 mM β-mercaptoethanol (Sigma Aldrich, UK) for 24 hours, 

followed by washing with PBS and 60 hour incubation with 50 ng/mL all-trans-retinoic acid 

(Sigma Aldrich, UK). The residual medium was removed by washing with PBS and cell 

culture medium was changed to “SCL medium” containing 5 ng/mL recombinant human 

platelet-derived growth factor (PDGF-AA, R&D systems, Germany), 10 ng/mL recombinant 

human basic fibroblast growth factor (bFGF, R&D systems, Germany), 200 ng/mL human 

recombinant heregulin-β1 (Peprotec, Germany) and 15 µM forskolin (Sigma Aldrich, UK). 

SCL medium was changed every third day for 22 days. Samples for evaluation with flow 

cytometry were taken on day 0, 7, 14, and 21.  
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Flow cytometry of surface antigens 

rASC specific markers as described by (52) were used in flow cytometry analysis to 

characterize rASCs in P2: anti-CD14 (mouse monoclonal, FITC labeled, Merck Millipore, 

USA) anti-CD34 (rabbit polyclonal, Abcam, UK), anti-CD45 (rabbit polyclonal, Abcam, UK), 

anti-CD73 (rabbit polyclonal, Santa Cruz Biotechnology, USA), anti-CD90 (rabbit 

polyclonal, Santa Cruz Biotechnology, USA) and anti-CD105 (mouse monoclonal, Merck 

Millipore, USA); and secondary antibody: FITC (goat polyclonal, Dako, Denmark). 

Expression of Schwann cell specific markers of SCLs and native Schwann cells was 

evaluated with following markers: anti-S100b (rabbit polyclonal; Dako, Denmark), anti-P75 

NGFR (goat polyclonal; Santa Cruz Biotechnology, USA), anti-MAG (rabbit monoclonal; 

Abcam, UK) and anti-p0 (rabbit polyclonal; Santa Cruz Biotechnology, USA). Antibodies 

were labeled with APC (Lynx Rapid Conjugation Kit, ABD Serotec, UK) according to 

manufacturer’s instructions. 

Cells were detached with Accutase™ and incubated with the antibodies on ice and in the dark 

for 20 minutes. Cell pellets were washed twice and resuspended in 200 µl PBS. Cell 

incubated with an unlabeled primary antibody were incubated with a secondary antibody for 

20 min, washed twice and then resuspended in 200 µl PBS. Flow cytometric analysis (10 000 

events) was performed with BD FACS Canto II (Becton Dickinson, USA) and data was 

evaluated with Flowjo Version 8.8 (Tree Star Inc., USA).  

 

Activation status of SCLs 

SCLs were cultured for two weeks in SCL medium and then split into two groups: one was 

further cultured with SCL medium (“activated”, favouring proliferation), while cells of the 

other group were cultured in SCL medium not containing the pro-proliferating factor 

forskolin (“pro-myelinating”, favouring myelination). Native Schwann cells served as a 

control and were tested concerning activation-switch capacity as well. Samples of both groups 

were evaluated on day 0, 7, 14 and 21 for the expression of common Schwann cell markers 

S100b, P75, MAG and P0 with flow cytometry, as well as for proliferation with BrdU ELISA, 

and cell viability with MTT assay.  

 

Proliferation assay 

Proliferation of SCLs in medium favouring proliferation and medium favouring myelination 

was determined on day 0, 7, 14 and 21, using a 5- bromo-2-deoxyuridine (BrdU) uptake assay 

(Cell Proliferation ELISA assay Kit, Roche Diagnostics, Switzerland) according to 
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manufacturer’s instructions. Briefly, medium was changed 48 hours after cell seeding to the 

respective medium containing 100 µM BrdU, and cells were incubated for 12 hours at 

standard cell culture conditions (37°C and 5% CO2). The culture plates were fixated with 

FixDenat® solution and subsequently incubated with anti-BrdU POD antibody solution for 60 

minutes at room temperature. After washing the plates with PBS, tetramethyl benzidine was 

added for 30 minutes as a substrate. The reaction was stopped with 1 M H2SO4 and absorption 

was measured at 450 nm with 690 nm as reference wavelength on an automatic microplate 

reader (Spectra Thermo, Tecan Austria GmbH, Austria). 

 

Cell viability 

Cell viability of SCLs in medium favouring proliferation and medium favouring myelination 

was determined on day 0, 7, 14 and 21 using MTT assay. Cells were incubated with the 

respective medium containing 650 µg/mL MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium] bromide (Sigma Aldrich, Austria) for 60 minutes at standard cell culture 

conditions (37°C and 5% CO2). Medium was discarded and MTT formazan precipitate was 

dissolved in DMSO (Sigma Aldrich, UK) by shaking in the dark for 20 minutes. Aliquots of 

100 µl were transferred to 96-well plates. Light absorbance at 540 nm was measured 

immediately and optical density (OD) values were corrected for an unspecific background on 

an automatic microplate reader (Tecan Sunrise, Tecan Austria GmbH, Austria). 

 

Electrospun Fibrin-PGLA scaffolds 

Poly(Lactic-co-Glycolic Acid) (PGLA) (0.1 g/mL; Purasorb® PLG 8523, Purac, Netherlands) 

and pre-warmed lyophilized thrombin (500 IU; TISSEEL Lyo Two-Component Fibrin 

Sealant, Baxter, Austria) were dissolved in hexafluoroisopropanol (HFP) (Sigma Aldrich, 

UK). Fibrinogen (TISSEEL Lyo Two-Component Fibrin Sealant, Baxter) was dissolved in 

HFP containing 10% DMEM high glucose (10x; PAA, Austria) and components were mixed 

at a ratio of 2:1:1 fibrinogen:thrombin:PGLA.  

Electrospinning was performed in three different ambient conditions: A) 28°C and 28% 

humidity; B) 26°C and 28% humidity; C) 24°C and 35% humidity. 

Polymer solution was placed in the electrospinning apparatus (described by Arras et al., 2012 

(148)) in a 2 mL syringe (Terumo, Japan, 19562) with a 20 gauge needle (Terumo, Japan, 

NN-2050R). Distance between needle and collector was 9 cm. The voltage applied to the 

needle was -14.7 kV and fibres were collected on a grounded rotating wheel at a 

circumferential speed of 16 m/s. The rotating wheel collector was accelerated to a speed of 16 
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m/s. The process of electrospinning was performed continuously in a Faraday cage over a 

time period of 45 minutes, in order to apply 750 µl of a fibrin-PGLA solution to the rotating 

wheel collector. After removing the electrospun sheets from the collector, they were kept at 

room temperature for at least 1 hour to remove solvent residues. Electrospun sheets were 

stored at 4°C for up to 14 days. 

 

Scanning electron microscopy 

Electrospun scaffolds were sputter coated with gold-palladium (Emitech SC7620, Quorum 

Technologies, UK) and were observed by scanning electron microscopy (JEOL 6500, Japan) 

at an accelerating voltage of 10 kV.  

 

Cell-scaffold interaction 

Electrospun scaffolds obtained under condition C (see 2.3) were tested for compatibility with 

SCLs in cell culture. After sterilization under UV light, SCLs were seeded on fibrin-PGLA 

scaffolds at a density of 1 x 104 cells/cm2 and evaluated on day 1, 3 and 7 with 

phalloidin/propidium iodide (PI) staining concerning orientation along the fibres. As a control, 

undifferentiated rASCs, SCLs and native Schwann cells were seeded with the same 

concentration into a cell culture-treated 24-well plate (PAA, Austria). For phalloidin/PI 

staining, cells were fixated with 1% paraformaldehyde (Riedel de Haen, Germany) for 10 

minutes and subsequently washed with PBS twice. Cell membranes were permeabilized with 

0.1% Triton X-100 (Sigma Aldrich, UK) in PBS for 5 minutes, and again washed twice with 

PBS. Unspecific background fluorescence was blocked with 1% bovine serum albumin (BSA; 

Sigma Aldrich, UK) in PBS for 15 minutes. Subsequently, cells were incubated with 

AlexaFluor 488 Phalloidin (Invitrogen, USA), diluted 1:400 in PBS, containing 1% BSA, at 

room temperature, in the dark for 25 minutes and washed twice with PBS. PI (Sigma Aldrich, 

UK) was diluted 1:40 in PBS and cells were incubated with PI solution in the dark for 10 

minutes and washed twice with PBS. Scaffolds were then mounted on a coverslip with 

fluorescence mounting medium (Dako, USA) and observed with a Leica DMI6000B. 

 

Self shaping fibrin tubular structures  

The method was adapted from (149). Prior to fibrin gel formation, 6-well plates (PAA, 

Austria) were coated with 2.5 mL polydimethylsiloxane (Sylgard® Dow Corning, USA). 

Plates were stored for one week to allow solvent evaporation and UV sterilized for 30 minutes 

before use.  



	   62	  

Pre-warmed fibrinogen (“TISSEEL”, Baxter, Austria) was reconstituted with aprotinin and 

thrombin 4 IU (“TISSEEL”, Baxter, Austria) with calcium chloride, according to the 

manufacturer’s instructions. Fibrinogen was diluted 1:2, thrombin 1:4 with DMEM high 

glucose.  

rASCs were detached with Accutase™ and resuspended with thrombin at a concentration of 

1.2x106 cells/mL. 350 µl thrombin-cell-suspension was distributed homogenously throughout 

the wells of the 6-well plate by agitation. The same amount of fibrinogen-solution was added, 

distributed homogenously and placed in the incubator for 20 minutes. After fibrin 

polymerization, the UV-sterilized 8x6 mm electrospun fibrin-PGLA scaffolds were placed 

centrally on the fibrin gel. Stainless steel minutien pins (Austerlitz Insect Pins, Czech 

Republic) were placed at 1 mm distance from the scaffold, as shown in Figure 24D. Schwann 

cell-like cells were detached with Accutase™ and seeded on the scaffold at a volume of 50 µl 

at a concentration of 2 x 105 cells/mL. Constructs were placed in the incubator for cell 

attachment for 90 minutes and subsequently 2 mL rASC growth medium containing 2% FCS, 

14 µM forskolin and 1% aprotinin were added. Medium was changed every second day for 

two weeks.  

 

Statistics 
Statistical analysis was performed using one-way ANOVA (analysis of variance) followed by 

Tukey’s range test for significant differences between the means. Significance was considered 

to be at P<0.05. For statistical calculations GraphPad Prism 5 for Mac OS X, Version 5.0b 

(GraphPad Software, Inc., USA) was used. All data in this study are shown as mean ± 

standard deviation (SD). 
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RESULTS  

Characterization of rASCs 
To evaluate whether or not cells isolated from adipose tissue show properties of mesenchymal 

stem cells, they were analysed with flow cytometry and cell surface markers suggested by the 

IFATS (52) (Figure 19A). While the hematopoietic markers CD14, CD34 and CD45 could 

not be detected, mesenchymal stem cell markers CD73, CD90 and CD105 were present in P2 

(Figure 19A).  

Cells were also treated with agents known to favour differentiation into adipogenic and 

osteogenic lineage. Adipogenic differentiation was confirmed by formation of lipid droplets 

detected with Oil Red O (Figure 19B) and osteogenic differentiation by production of calcium 

deposits, evaluated with von Kossa staining (Figure 19C). 

	  

Figure	   19:	  A: Flow cytometry results of rASCs in P2 for hematopoietic markers (CD14, CD34, CD45) and 
mesenchymal markers (CD73, CD90 CD105); statistical significance was tested with 1-way ANOVA and Tukey 
range test; data is presented as mean ± SD; *P<0.05, **P<0.01, ***P<0.0001; n=4; B,C: Differentiation-specific 
stainings of rASCs to exhibit either adipogenic differentiation (B) by staining lipid accumulations (Oil Red O) or 
osteogenic differentiation (C) by staining calcium phosphate (von Kossa) after 20 days in differentiation medium. 
(Detailed multilineage differentiation protocol in the supplement); 

 

Differentiation of SCLs 

Samples were taken during the differentiation procedure and evaluated with flow cytometry 

on day 6, day 12 and day 18 (SCL day 6 – day 18) after addition of the SCL medium. 

Statistical analysis (ANOVA and Tukey’s range test) was performed using data from 4 

independent differentiation procedures and the significance of change in marker expression 

was tested against the untreated sample (rASCs).  

Expressions of mesenchymal stem cell markers during the differentiation procedure are 

shown in Figure 20B. CD73 was expressed by 56% of undifferentiated rASCs and decreased 



	   64	  

significantly within the first 6 days to <30% and up until day 18 decreassed further to <10%. 

Expression of CD90, shown in Figure 20B, was not significantly down-regulated from day 0 

to day 6, remaining at >80%. A reaction to the growth factor mixture can be seen in a 

significant decrease of CD90 on day 12 in SCL medium, followed by a further decrease until 

day 18. The amount of CD90 positive cells then remained at approximately 40%. CD105 was 

expressed by 75% of untreated rASCs, which decreased in SCL medium on day 6 and showed 

further down-regulation on day 12 and day 18 to show expression comparable to CD73 

(<10%), shown in Figure 20B. 

Expressions of Schwann cell markers during the differentiation procedure are shown in Figure 

20C. Less than 5 % of untreated rASCs showed an expression of Schwann cell markers. 

Stimulation with growth factors led to a prompt and significant up-regulation of S100b to 

60% marker-positive cells. Expression of S100b increased throughout the differentiation 

procedure to 80%, comparable to isolated native Schwann cells. Low affinity nerve growth 

factor receptor P75 (P75) showed an increase of marker-positive cells to almost 45% on day 6. 

Throughout the differentiation procedure, marker expression further increased to a percentage 

of marker-positive cells of 80% on day 18 (Figure 20C). Myelin-associated glycoprotein 

(MAG) was significantly up-regulated on day 12 to a percentage of marker-positive cells of 

approximately 25%. Expression of MAG did not further increase during the differentiation 

procedure and showed a slight decrease to 20% marker-positive cells on day 18 (Figure 20C).  

An indicator for compact myelin, protein 0 (P0) did not show a significant up-regulation 

during the differentiation procedure and remained within a range of 10-15%. (Figure 20C). 

An important factor in the differentiation of mesenchymal stem cells is also the 

transformation of stem cell form to a morphology similar to the cell type the differentiation is 

aimed at. 

Characteristic morphology of mesenchymal stem cells is shown in Figure 20D1, where cells 

display a flattened, fibroblast-like shape with a larger nucleus, while in contrast, Schwann 

cells reveal a bipolar, elongated shape, displaying less matrix, but a prominent nucleus 

(Figure 20D4). 

Figure 20D shows the change in morphology during differentiation, from mesenchymal stem 

cell specific (D1-D3) to Schwann cell specific forms (D4). While the expression of Schwann 

cell specific markers S100b, P75 and MAG starts as early as day 6 in the differentiation 

process (Figure 20C), a significant change in morphology cannot be observed until day 18.  
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Figure	  20:	  A: Experimental scheme depicting differentiation procedure from rASCs to SCLs and time points of 
evaluation with flow cytometry (marker expression) and light microscopy (morphology); B: Evaluation of SCLs 
with flow cytometry and stem cell specific markers (CD73, CD90, CD105) during the differentiation process, 
compared to undifferentiated rASCs; C: Evaluation of SCLs with flow cytometry and Schwann cell specific 
markers (S100b, P75, MAG, P0) compared to native Schwann cells and undifferentiated rASCs; statistical 
significance was tested with 1-way ANOVA and Tukey range test; data is presented as mean ± SD; *P<0.05, 
**P<0.01, ***P<0.0001; n=4; D: phase contrast microscopy pictures of rASCs (D1) and SCLs during the 
differentiation process on day 6 (D2), day 12 (D3) and day 18 (D4); scale bar indicates 200 µm. 
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Activation status of SCLs 

To assess activation status, differentiated SCLs cultured in medium containing forskolin 

(“activated”) and medium without forskolin (pro-myelinating) were evaluated with flow 

cytometry on day 0, 7, 14 and 21 after medium switch, and compared to SCs cultured with the 

same conditions.  

7 days after medium switch native SCs showed a decrease of P75 expression from around 75-

80% to less than 10%, while MAG increased from less than 20% to 55% and P0 to 70%, with 

S100b remaining at a comparable level in both groups (Figure 21A). 

Expression of S100b is shown in Figure 21B. Cultured with or without forskolin, expression 

of S100b remained between 60% and 75%, showing no significant difference, increasing or 

decreasing between the two groups, comparable to S100b expression of native SCs. 

When cultured with forskolin, P75 is expressed by SCLs on day 0 to a percentage of around 

70% marker positive cells and steadily increases up to 90% on day 21. SCLs cultured without 

forskolin showed a decrease in P75 expression on day 7 to approximately 40% marker 

positive cells and decreased further to 25% on day 21. Differences in P75 expression between 

the two groups were significant on day 14 and day 21 (Figure 21B). 

Percentage of P0 positive cells on day 0 was less than 10%, but showed an increase to 15% on 

day 7 when cultured with forskolin, followed by a steady decrease to again less than 10%. 

Cultured without forskolin, P0 was significantly up-regulated on day 7 to a percentage of 

approximately 65%, followed by a further increase in expression on day 14 (70%) and a 

decrease to 60% on day 21. Differences between the two groups were significant on day 7, 

day 14, and day 21. 

Percentage of MAG positive cells on day 0 was, like P0, less than 10%. Cultured without 

forskolin, up-regulation of MAG resulted in 55% marker-positive cells on day 7, followed by 

a decrease to 45% on day 14 and again an increase to almost 60% on day 21. Cultured with 

forskolin, MAG expression in SCLs also increased on day 7 (15% MAG positive), but 

steadily decreased to a percentage of marker positive cells of less than 5% on day 21. 

Differences between the two groups were significant on day 7, day 14, and day 21. 

Additionally, a change in proliferation was evaluated by measurement of 5-

bromodeoxyuridine incorporation (BrdU assay). SCLs cultured without forskolin decreased 

their proliferation rate initially between day 0 and day 7, but remained at a comparable level 

and did not decrease further after this time point, while SCLs treated with forskolin showed 

no significant change in proliferation. Over time, mitochondrial activity (measured with MTT 
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assay) in both groups also remained at a level comparable to day 0 and showed no significant 

changes (Figure 21C). 

 

	  
Figure 21: Flow cytometry analysis concerning expression of Schwann cell markers S100b, P75, MAG and P0 
of A) SCs in activation medium and pro-myelinating medium (day 7 after medium switch) and B) SCLs in 
activation medium (dark grey bars) and pro-myelination medium (light grey bars) on day 0, 7,15 and 21 after 
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medium switch; statistical significance was tested with 1-way ANOVA and Tukey range test; data is presented 
as mean ± SD; *P<0.05, **P<0.01, ***P<0.0001, compared to control group on respective day; †P<0.05, 
††P<0.01, †††P<0.0001, compared to day 0; C) MTT assay and BrdU ELISA of SCLs in activation medium 
(dark grey bar) and pro-myelination medium (light grey bar) on day 0, 7, 14 and 21; statistical significance was 
tested with t-test; data is presented as mean ± SD; n=4. 

Electrospun Fibrin-PGLA scaffolds 

Fibrous fibrin-PGLA scaffolds with parallel fibre orientation were produced using 

electrospinning. A high voltage (-14,7 kV) was applied to the fibrin-PGLA solution and fibres 

were collected on a grounded rotating wheel (16 m/s) at different ambient parameters.  

Electrospinning of fibrin solution without PGLA was not possible under conditions A (28°C 

and 28% humidity) and B (26°C and 28% humidity) because viscosity and cohesion were not 

high enough to form a Taylor cone and subsequently a polymer-jet. Under condition C (24°C 

and 35% humidity) Taylor cone and jet formation was possible, but led to brittle, 

inhomogeneous fibres with poor parallel orientation (Figure 22A). Electrospinning of fibrin-

PGLA solution was possible under condition A, B and C, but led to differing results. Fibrin-

PGLA fibres spun under condition A (28°C and 28% humidity), shown in Figure 22B, were 

orientated to a certain extent, but were brittle and inhomogeneous in diameter with a range of 

0.4 to 9 µm. Bead and droplet formation were observed as well. Electrospinning condition B 

(26°C and 28% humidity) led to highly inhomogeneous fibrin-PGLA fibres with a range in 

diameter of 0.4 to 11 µm. Fibres showed poor orientation and a high amount of curved fibres. 

Beads and droplets could be observed as well (Figure 22C). Under condition C (24°C and 

35% humidity), electrospun fibrin-PGLA fibres were homogenous with a range in diameter of 

500 to 900 nm. No beads or droplets were observed and to a certain extent, fibres showed 

parallel orientation. A small amount of curved, non-orientated fibres can be seen in Figure 

22D, resulting from minor bead formation.  

	  
Figure 22: Scanning electron micrographs of electrospun fibres; fibrin fibres obtained at an ambient temperature 
of 24°C and humidity of 35% (A); fibrin-PGLA fibres obtained at an ambient temperature of 28°C and humidity 
of 28% (B), 26°C and 28% (C) and 24°C and 35%; arrows indicate beads (D). 
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Cell-scaffold interaction 

Schwann cell-like cells seeded on electrospun fibrin-PGLA scaffold attached to the scaffold 

and oriented along the direction of the fibres (Figure 23A-C). On day 3 (Figure 23B), and day 

7, (Figure 23C) proliferation along the fibres can be observed, while undifferentiated rASCs 

(Figure 23D), SCLs (Figure 23E) and Schwann cells (Figure 23F) cultivated in culture plates 

did not show directed cell growth.  

	  
Figure 23: Fluorescence micrographs of SCLs seeded on electrospun fibrin-PGLA scaffold, stained with 
AlexaFluor 488 phalloidin (green) and propidium iodide (red) on day 1 (A), day 3 (B) and day 7 (C) after cell 
seeding; undifferentiated rASCs (D), SCLs (E) and native Schwann cells (F) seeded on a cell culture dish 
(control); scale bar indicates 100 µm. 

 

Self-shaping fibrin tubular structures  

For further in vivo use, it is necessary to place the fibrin-PGLA scaffold seeded with Schwann 

cell-like cells inside a protective silicone tube without damaging the cells. Therefore a self-

shaping fibrin gel containing rASCs was used as supportive structure. 

Figure 24 depicts the self-shaping process of the fibrin gel containing the scaffold and SCLs 

to a tube-like structure from day 0 (Figure 24 A) to day 14 (Figure 24 C). First contractions of 

the gel are visible after 7 days in culture (Figure 24 B), when the gel folds up rather than rolls 

up. Fully contracted, fibrin gel covers scaffold and cells (Figure 24 C) inside a folded roll. 
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Figure 24: Fibrin gel-scaffold construct with SCLs seeded on the electrospun scaffold on day 0 (A), day 7 (B) 
and day 14 (C) after cell seeding; D: Scheme of fibrin gel-scaffold construct. 

 

 

DISCUSSION 

Differentiation of rat rASCs into SCLs 

Schwann cells have a strong supporting role in peripheral nerve regeneration (150), which 

suggests a transplantation to defect sites to enhance axonal regeneration. Culturing Schwann 

cells in vitro is a tightrope act between high costs and dedifferentiation. Autologous Schwann 

cells might not result in sufficient numbers for large gaps and require a second incision site, 

while allogenic Schwann cells show immunogenic reactions, enhanced by their ability to 

modulate immune response, present antigens and secret cytokines (151). 

rASCs isolated from adipose tissue expressed stem cell markers to a moderate extent. 

Dominici et al. (52) stated, as one of three minimal criteria, that stem cell cultures must show 

a minimal percentage of 95% of CD73, CD90 and CD105 positive cells. In our cultures, flow 

cytometry revealed percentages of marker positive cells that are below this 95% limit, 

especially regarding CD73. Nevertheless, isolated cells were positive for plastic adherence 

under standard conditions and could be differentiated into osteogenic and adipogenic lineages 

(Figure 19), indicating a stem cell-enriched culture. 
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During the differentiation procedure, stem cell markers CD73, CD90 and CD105 decreased 

significantly from day 6 to day 18 (Figure 20B). Differentiating rASCs show a prompt 

reaction to growth factors by expression of Schwann cell markers S100b and P75 at 

comparable levels to native Schwann cells (Figure 20C). MAG and P0 are expressed to a 

lesser extent (Figure 20C), which does not diminish the differentiation results, as P75 and the 

myelin components P0 and MAG are, to a certain extent, antagonists, and it is known that 

these molecules inhibit axonal outgrowth and regeneration (152). 

Even though there is no significant change in S100b and P75 expression between day 6 and 

day 18, the constant decrease in stem cell marker expression over the time period of 18 days 

indicates a progressive loss of multipotency and therefore slow manifestation of 

differentiation. This progress can also be seen in the slow morphological change from 

mesenchymal stem cell-typical morphology (Figure 20 D1-D4), with flattened and fibroblast-

like cells, to Schwann cell-typical morphology, with bipolar, elongated cells and a prominent 

nucleus, comparable to Schwann cell morphology shown in the literature (108,153). 

Expression of Schwann cell markers and changes to Schwann cell morphology indicate a 

differentiation into “Schwann cell-like cells”. 

 

Activation status of SCLs 

Since Schwann cells appear in several phenotypes and two activation states, evaluation of 

SCLs for status-specific markers is of utmost importance, especially when used for 

augmenting regeneration in the treatment of nerve defects. It is desirable that SCLs can be 

transformed from a proliferating phenotype into a pro-myelinating or myelinating phenotype. 

While the expression of P0 in the proliferating phase of nerve regeneration might inhibit 

regeneration, the failure to express P0 and MAG, and therefore the failure to remyelinate after 

a change of stimulus, would impair saltatoric conduction. (92,154,155) Furthermore, 

continued in vivo proliferation of SCLs after the axon has grown through the tube can result in 

undesirable neuroma formation. Therefore, SCLs were treated with different growth factor 

mixtures (with and without forskolin), creating a minimal change of stimulus to resemble the 

switch from pro-proliferating and pro-myelinating environments.  

When cultured with forskolin, flow cytometry results showed a high and stable expression of 

P75 and S100b, while MAG and P0 were expressed to a moderate extent (< 20%) and 

continued proliferating over the following passages at levels similar to native Schwann cells. 

This indicates a proliferating, non-myelinating status. Cultured without forskolin, MAG and 
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P0 showed a prompt and significant increase within 7 days, while P75 significantly decreased. 

Proliferation was also significantly decreased, indicating a change in activation status towards 

myelination.  

These findings prove our hypothesis that Schwann cell-like cells differentiated from rat 

adipose-derived mesenchymal stem cells cultured with forskolin can be called “Activated 

Schwann cell-like cells”, due to proliferation as well as S100b and P75 expression, while 

cultured without forskolin they can be called “Pro-myelinating Schwann cell-like cells”, due 

to their MAG, P0 and decreased proliferation. (26,91) 

In studies of peripheral nerve regeneration, hollow tubes as nerve grafts have been shown to 

neither inhibit nor enhance axon outgrowth in non-critical gaps. In over-critical gaps (> 3 cm), 

hollow tubes are unfavourable due to the lack of autologous matrix inside the tube. The 

benefits of guiding structures inside a tube, whether single fibres, pores or fibrous scaffolds, 

are evident. (156) 

Electrospinning on a rotating wheel collector allows the formation of fibrous scaffold sheets, 

which can then be seeded with cells and roll-folded, and placed inside a protective tube. 

Important factors affecting spinning quality are not only the choice of polymer solution (fibrin 

or fibrin-PGLA), but also the ambient parameters temperature and humidity. (157) 

Ambient parameters affect viscosity and cohesion of the polymer solution, altering the jet 

behaviour (droplet formation and second jets) and influencing the homogeneity of the fibres. 

Furthermore, it also leads to an overly rapid solvent evaporation, resulting in brittle fibres 

with low internal scaffold stability.  

Fibrin-PGLA spun at 24°C and 35% humidity could be characterized as smooth in handling, 

with highly aligned, homogenous fibres and was used for further experiments. 

Morphological changes due to surface patterns are known in other cell types, including 

fibroblasts (158) or smooth muscle cells (159) and are especially important in Schwann cells. 

The formation of Bands of Büngner in vitro prior to implantation has a promoting effect on 

axon sprouting in vivo. (160) 

The attachment, orientation and proliferation of Schwann cell-like cells seeded on fibrin-

PGLA fibres were analyzed. A distinct orientation of elongated, bipolar Schwann cells along 

the fibres was visible when actin filaments were stained with Alexa-Fluor 488 phalloidin, 

indicating the initial formation of aligned and directional Büngner-like structures. It was 

possible to adapt the method from Huang et al. (149) to create a tubular structure by a self-

shaping hydrogel. With this method we could address the issue of standardizing the folding 

process of the aligned electrospun fibres containing SCLs. 
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CONCLUSION 
In this study we showed that rASCs can be differentiated into activated, proliferating 

Schwann cell-like cells and that these cells react to a minimal change in stimulus, switching to 

a pro-myelinating phenotype. Highly aligned electrospun fibrin-PGLA fibres promote the 

formation of Büngner-like structures of the SCLs and rolled into a folded tubular structure. 

These in vitro findings favour further in vivo studies.  
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ABSTRACT	  

Over the last decade, silk fibroin has been emergently used in peripheral nerve tissue 

engineering. Current approaches aiming to produce silk fibroin based nerve guidance conduits 

(SF-NGCs) used dissolved silk either based on aqueous solutions or organic solvents. In this 

study, we describe a novel procedure to produce SF-NGCs: a braided tubular structure of raw 

Bombyx mori silk is subsequently processed with the ternary solvent CaCl2/H2O/ethanol, 

formic acid and methanol to improve its mechanical and topographical characteristics. 

Topographically, the combination of the treatments results in a fusion of the outer single silk 

fibres to a closed layer with a thickness ranging from about 40 to 75 µm. In contrast to the 

outer wall, the inner lumen (not treated with processing solvents), still represents the braided 

structure of single fibres. Mechanical stability, elasticity and kink characteristics were 

evaluated with a custom-made test system. The here described modification procedure 

drastically improved the elastic properties of our tubular raw scaffold favouring its use as a 

NGC. A cell migration assay with NIH/3T3-fibroblasts revealed the impermeability of the 

SF-NGC wall for possible invading and scar-forming cells. Moreover, the potential of the SF-

NGC to serve as substratum for Schwann cells has been demonstrated by cytotoxicity tests 

and live-dead stainings of Schwann cells grown on the inner surface of the SF-NGC. 

In vivo, the SF-NGC was tested in a rat sciatic nerve injury model. In short term in vivo 

studies it was proven that SF-NGCs are not triggering host inflammatory reactions. After 12 

weeks we could demonstrate morphological and functional reinnervation of the distal targets. 

Filled with collagen, a higher number of axons could be found in the distal to the graft 

(1678±303), compared to the empty SF-NGC (1274±146).  

The novel SF-NGC presented here shows promising results for the treatment of peripheral 

nerve injuries. The modification of braided structures to adapt its mechanical and 

topographical characteristics may support the translation of SF-based scaffolds into the 

clinical setting. However, further improvements and the use of extracellular matrix molecules 

and Schwann cells are suggested to enable silk tube based conduits to bridge long distance 

nerve gaps. 

 

Key words: silk fibroin, modification, nerve guidance conduit, peripheral nerve regeneration 
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INTRODUCTION 

The incidence of peripheral nerve injury in traumatic wounds of the extremities is 

approximately 2-5% (2,41,161). Moreover, tumor resection or congenital malformation may 

also lead to nerve damage. Consequently, these incidences display a major burden on health 

care expenses, extensive absence from work, and chronic disability (2,41). Direct repair of 

nerves is one clinical option, however, this direct end-to-end coaptation is limited to short-

distance gaps. The current clinical gold standard for the repair of longer nerve gaps is the use 

of autologous nerve grafts (9,161,162). The main advantage of autografts is their 

morphologically native structure, which provides an ideal guide for axonal regeneration from 

the proximal to the distal nerve stump. However, autografting carries several disadvantages 

such as limited number of donor sites for graft harvesting and associated donor site morbidity, 

including loss of nerve function, painful neuroma formation and hyperaesthesia (156,163). 

These negative aspects have led to the search for alternative approaches. Beside nervous 

tissue, other autologous materials, such as vein grafts (164,165) or muscles (166,167) have 

been used to bridge nerve gaps. However, the use of these substances is both preclinically and 

clinically unsatisfactory. Recent advances in tissue engineering (TE) have opened new 

opportunities in peripheral nerve repair. Artificial nerve guidance conduits (NGCs), composed 

of synthetic or natural polymers, are currently being investigated for bridging nerve defects 

(162,168,169). The rationale behind using a NGC is to entubulate the nerve stumps to provide 

a protective micro-environment for the regenerating peripheral nerve. While numerous 

synthetic and natural biomaterials have been evaluated, both pre-clinically and clinically, for 

the bridging of nerve defects, their therapeutic benefits (170,171) still remain unsatisfactory. 

In the last few years, silk fibroin (SF) has attracted considerable interest as a biomaterial 

suitable for applications towards peripheral nerve regeneration. SF has been shown to possess 

characteristics that favour its use as a NGC, such as mechanical stability, slow degradation 

rate, biocompatibility and its ability to support nerve regeneration (40,41). Apart from 

biocompatibility, a NGC should act as a barrier for infiltrating fibroblasts and provide 

mechanical resistance against compression and kinking by the surrounding tissue. Most of the 

current approaches to create tubular structures use electrospinning, as this process can be well 

controlled (41,172–175). Other techniques include dipping (176,177), gel spinning (178,179) 

or molding (180). All the above-mentioned preparation techniques are based on dissolved SF 

which is then used to create a tubular construct. For the first time, to our knowledge, our study 
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attempts to use textile-engineered raw silk constructs as the starting material for bridging a 

nerve defect. To improve the mechanical properties favouring its use as a NGC these braided 

tubular structures are further processed by treatment in a ternary solvent system of a 

CaCl2/H2O/ethanol solution and then re-stabilized with formic acid.  

The aim of this study was to develop a novel method to generate a silk fibroin-based NGC 

with distinct mechanical and anisotropic properties, and to prove its biocompatibility and 

functionality in vitro and in vivo in a rat sciatic nerve injury model. 

	  

MATERIALS AND METHODS 

Unless otherwise noted, all reagents were obtained from Sigma (Vienna, Austria) and are of 

analytical grade. 

 

Design and preparation of silk conduits 

White raw Bombyx mori silkworm fibres of 20/22 den, 250 T/m, were purchased from Testex 

AG (Zürich, Switzerland). The tubular silk conduit was fabricated in cooperation with a 

commercial braiding company (Edelrid GmbH, Isny/Allgäu, Germany). Six single silk fibres 

form a twisted yarn, representing the raw material for the commercial braiding machines. 

Figure 25 shows the tubular structure designed from six intertwined twisted yarns. The 

resulting raw silk conduit was degummed by boiling in 0.2 M boric acid in a 0.05 M sodium 

borate buffer (pH = 9.0) (181). Batches of 2 g of silk conduits were boiled twice in 500 mL of 

degumming solution for 45 min, with an intermittent exchange of the degumming solution. 

After degumming, scaffolds were thoroughly washed in double distilled water (ddH2O) and 

air-dried before further processing (Figure 25). 

The degummed SF tubes were placed on an ABS (acrylonitrile butadiene styrene) rod, having 

a diameter of 2 mm and dipped into a boiling solution of the ternary solvent calcium 

chloride/distilled water/ethanol (CaCl2/H2O/ethanol) in a molar ratio of 1:2:8 for 20 seconds. 

Immediately after etching the outer surface, the tubes were dipped in 100% of formic acid 

(FA) at room temperature for 20 seconds. The tubes were then fixed in methanol for 20 

minutes and subsequently washed thoroughly with ddH2O (Figure 25). The tubes were dried 

under laminar airflow and sterilized by autoclaving prior to use. 
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Endurance and fatigue tests 
To test the elasticity of the SF-NGC in comparison to the unprocessed initial tubular SF-

scaffold, a custom-made compression test machine was built (Suppl. Fig. 1). This device was 

designed for repeated compression of a test specimen with constant maximum pressure. 

Starting from the top position, a piston is moved downwards by a servo motor (Modelcraft 

RS2 MG/BB standard servo, Conrad Electronic SE, Hirschau, Germany) at a speed of 

approximately 5 mm/s linearly until it touches the probe. The piston continually stresses the 

probe until a predefined force threshold is reached. A force sensitive resistor (Strain gauge 

FSR 151, Interlink electronics, Camarillo, CA, USA), integrated into the piston, acts as a 

sensor and is part of a voltage divider. The resistance, and thus the applied force, is constantly 

sampled at 50 Hz sampling frequency using the built-in 10 bit AD-converter of the 

microcontroller (Arduino Duemilanove Controller Board with Atmega 328 µC, Atmel 

Munich GmbH, Garching/Munich, Germany). The system was calibrated using a laboratory 

scale and operates with a ±5 g accuracy (corresponding to 0.98 MPa). Once the threshold is 

reached, the piston is returned to the top position, where it remains for a period of time set by 

the user. 

In order to evaluate the effect of the various treatment components four types of tubes have 

been evaluated (Figure 26). The first type was produced by degumming of the raw tube 

followed by methanol treatment. The second and third types were created either by 

CaCl2/H2O/ethanol - or formic acid- treatment, both fixed with methanol. The fourth type of 

tube was produced as described above, combining all sequential treatments (Figure 25). 

Prior to testing, respective samples were hydrated in PBS overnight. For testing, the conduits 

were fixated with cannulas (B.Braun, Austria) in a Sylgard-plated Petri dish (Sylgard® 184, 

Dow Corning Europe S.A., Seneffe, Belgium) and covered with PBS. The mechanical test 

regimen consisted of 1000 cycles of compression (300 ms duration and 58.8 MPa load) and 

release. After testing the tubes were air-dried overnight at room temperature and an 

approximately 1 mm thick slice was cut out from them at the impression site for 

morphological analysis. The deformity after the compressions was assessed by scanning 

electron microscope analysis.  
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Scanning	  electron	  microscope	  analysis	  

Samples were fixed in 2.5% glutaraldehyde in cacodylate buffer overnight at room 

temperature, then washed and dehydrated through graded ethanol changes followed by 

treatment with hexamethyldisilazane, and allowed to air-dry in a fume hood. Coating with Pd-

Au was performed through the use of a Polaron SC7620 sputter coater (Quorum Technologies 

Ltd. East Grinstead, United Kingdom) and the samples were examined using a JEOL JSM-

6510 scanning electron microscope (JEOL Ltd., Tokyo, Japan) operated at 15 kV. 

	  

Cell	  culture	  experiments	  

NIH/3T3	  

NIH/3T3 cell line was purchased from ECACC (European Collection of Cell Cultures, UK). 

NIH/3T3 cells were cultured in DMEM containing 10% fetal bovine serum (FBS, Lonza Ltd., 

Basel, Switzerland) supplemented with 2 mM L-glutamine, 100 U/mL penicillin and 0.1 

mg/mL streptomycin in plates coated with 0.2 % gelatin solution. 

	  

Schwann	  cells	  (SCs)	  

Schwann cells were isolated from rat sciatic nerves as described by Kaekhaw et al. (108). All 

animals were housed in the facilities of the Ludwig Boltzmann Institute for Experimental and 

Clinical Traumatology in a temperature-controlled environment. Animals were provided with 

food and water ad libitum. All experimental protocols were approved by the City Government 

of Vienna, Austria, in accordance with the Austrian law and Guide for the Care and Use of 

Laboratory Animals as defined by the National Institute of Health. 

The sciatic nerves were dissected free of connective tissue and minced after removing the 

epineurium. Nerve fragments were incubated with 0.05% collagenase for 1 hour at 37°C, 

subsequently filtered through a 40 µm cell strainer and centrifuged at 400g for 6 minutes. 

After washing the cell pellet in DMEM containing 10% FCS, the pellet was resuspended in 

Schwann cell culture medium consisting of DMEM-D-Valine (PAA, Austria) supplemented 

with 10% FBS, 2 mM L-glutamin, 1% antibiotics, N2 supplement, 10 µg/ml bovine pituitary 

extract and 5 µM forskolin. Cell suspension was seeded on 6-well plates coated with poly-L-

lysin and laminin. 

Schwann cells were seeded on the inner wall of the SF-NGC at a concentration of 105 

cells/mL. Three groups were set: in group 1 only degummed (boric acid treatment) silk tubes 
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were used, in group 2 the silk tubes were further treated with CaCl2 (degumming + CaCl2), 

whereas group 3 tubes received a full treatment completed with formic acid (degumming + 

CaCl2 + FA). As a final step all tubes were fixed with methanol. After 2 hours, cells were 

supplied with Schwann cell culture medium. Schwann cell attachment to the inner wall 

structure of the SF-NGC and viability was evaluated after 48 hours with Calcein 

AM/propidium iodide staining (Invitrogen, Vienna, Austria).  

	  

Cell	  permeability	  

A cell migration assay was designed to verify the cell impermeability of the SF-NGC. A 100 

µl fibrin clot (Tisseel, Baxter, Vienna, Austria) containing platelet derived growth factor-AA 

(PDGF-AA) was used to induce cell migration. Prior to the addition of 250 Units/mL of 

thrombin to induce polymerization, 10 ng of PDGF-AA (Peprotech Austria, Vienna, Austria) 

was thoroughly mixed in fibrinogen. The resulting dense fibrin structure provides a slow 

release of PDGF-AA. This fibrin clot was then placed inside the investigated tubes and the 

assembled constructs were pinned in silicone-coated (Sylgard® 184, Dow Corning Europe 

S.A., Seneffe, Belgium) 12-well plates. Besides enabling the fixing of the constructs to a Petri 

dish, Sylgard® 184 is known to discourage cell adhesion as a result of its hydrophobic 

character (182) and therefore prevents cell migration from one clot to the other over the 

surface of the cell culture plate. As a result, the only way for the cell to move from one clot to 

the other is to pass through the SF-NGC. This thereby permits the assessment, if any, of the 

NGC’s cell permeability. A second 100 µl fibrin clot containing 2.5x105 NIH/3T3 fibroblasts 

was placed on top of the tube. For this clot, cells were suspended in fibrinogen and then the 

polymerization was initiated with 2 units/mL thrombin. The generated loose fibrin structure 

allows fibroblasts to migrate from the clot towards the chemotactic stimulus. As a positive 

control, the fibrin clot with cells was separated from the clot containing PDGF-AA using the 

nylon mesh of a cell strainer with a 100 µm pore size. (Becton Dickinson Ltd., Schwechat, 

Austria). The constructs were completely covered with cell culture medium. On day 6, cell 

migration was evaluated by staining the PDGF-AA-containing fibrin clot with Calcein AM 

(Invitrogen, Vienna, Austria).  

	  

Cytotoxicity	  assay	  

To test cytotoxicity of the prepared SF-NGC, 1 g of the material was immersed in 5 mL cell 

culture medium for at least 24 h. In parallel, 2 x 104 Schwann cells per well were seeded onto 
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24-well plates. Then the medium containing leach-out products from the material was filtered 

(0.22 µm, Rotilabo, Karlsruhe, Germany) and used to change media in the cell cultures. 

Standard culture medium was used as a negative control. After 72 h, cell culture medium was 

aspirated and the respective cell culture medium containing 650 µg/mL MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] bromide was added to each well. After 1 h of 

incubation at 37° C and in 5% CO2, the medium was aspirated and MTT formazan precipitate 

was dissolved in DMSO by shaking mechanically in the dark for 20 min. Aliquots of 100 µl 

of each sample were transferred to 96-well plates. The absorbance at 540 nm was read 

immediately on an automatic microplate reader (Spectra Thermo, TECAN Austria GmbH, 

Austria). Optical density (OD) values were corrected for unspecific background. 

 

Animals	  and	  surgery	  

All animals were housed in the facilities of the Ludwig Boltzmann Institute for Experimental 

and Clinical Traumatology in a temperature-controlled environment. Animals were provided 

with food and water ad libitum. All experimental protocols were approved by the City 

Government of Vienna, Austria in accordance with the Austrian law and Guide for the Care 

and Use of Laboratory Animals as defined by the National Institute of Health. 

A total of 28 female Sprague-Dawley rats (Animal Research Laboratories, Himberg, Austria), 

weighing between 250 – 350 g were used in the experiments. Possible adverse effects against 

the implanted SF-NGCs and the initial axon outgrowth into these tubes were evaluated on day 

7, 10 and 21 day (n=2, 6, 2, respectively). Eighteen animals were randomly assigned into 

three different treatment groups: autologous grafting (n = 6), SF-NGC (n = 6) and collagen-

filled SF-NGC (n = 6) for 12 weeks observation. The animals were weighed and anesthetized 

in a fume box with 3.5% isoflurane (Forane®, Abbott, Vienna, Austria) at a flow rate of 800 

mL/min. Subsequent anesthesia throughout the surgical procedure was maintained using 2.5% 

isoflurane via a nosepiece. The right lower limb in each animal was shaved and disinfected 

with povidone-iodine (Betaisodona®, Mundipharma, Vienna, Austria) at the mid-thigh level. 

All the following surgical procedures were carried out under an operating microscope (Leica 

M651, Leica Microsystems, Vienna, Austria). The sciatic nerve was exposed and an 8 mm 

segment of the sciatic nerve was excised resulting in a 10 mm gap due to elastic retraction. In 

the autologous grafting group, the excised 8 mm segment of the sciatic nerve was rotated 

180° and then sutured to the proximal and distal stumps using Ethilon 8/0 epineurial sutures 

(Ethicon-Johnson & Johnson, Brussels, Belgium). In both SF-NGC groups, the conduit was 
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implanted by insertion of the proximal and distal nerve stumps into the 12 mm tube and 

coaptated to the conduit by two epineurial sutures. In the SF-NGC-collagen group, the lumen 

of the SF-NGCs was filled with 8 microliters of collagen solution (Type I, 2.5 mg/ml, 

Millipore, Vienna, Austria). Afterwards the wound was closed in anatomical layers. The 

analgesic treatment was administered in form of 0.75 mg/kg bodyweight (BW) meloxicam 

(Metacam®, Boehringer Ingelheim, Ingelheim/Rhein, Germany) and 1.25 mg/kg BW 

butorphanol (Butamidor®, Richter Pharma AG, Wels, Austria) immediately before the 

surgical procedure and for two days thereafter. 

	  

Tissue	  sampling,	  perfusion	  and	  immunohistochemistry	  

Twelve weeks after surgery the animals were deeply anesthetized by inhalation of 3.5% 

isoflurane and euthanized with 110 mg/kg BW ketamine hydrochloride (Ketasol®; Dr. E. 

Graeub AG, Berne, Suisse) and 12 mg/kg BW xylazine (Rompun® 2 %, Bayer AG, Vienna, 

Austria) intraperitoneally. Animals were perfused transcardially with 4% paraformaldehyde in 

a 0.1 M phosphate buffer (pH 7.4). The autologous transplants or the implanted SF-NGC 

were harvested under the operating microscope along with the proximal and distal nerve 

stumps.  

The nerve grafts or conduits (n=6 per group), removed from perfusion-fixed animals, were 

immersion-fixed for 6 h in 4 % paraformaldehyde and then cryoprotected in 30% sucrose in 

PBS. Parallel cryostat sections were cut on a Leica 1850 cryostat (Leica Microsystems, 

Vienna, Austria) and sections were either stained with cresyl violet or processed for 200 kD 

neurofilament immunohistochemistry. Section were treated with a 1% milk powder solution 

and incubated with an anti-200 kD rabbit neurofilament antibody overnight at 4°C (Abcam 

Ltd, UK, Lot. No.: ab8135, rabbit, 1:1000). Subsequently, sections were treated with an anti-

rabbit Alexa 546 secondary antibody for 2 h at room temperature, protected with a coverslip 

and investigated under an epifluorescence microscope (Olympus FX-50, Olympus Ltd, Tokyo, 

Japan). 

The sciatic nerve segment distal to the graft was transferred into a 2.5% phosphate-buffered 

glutaraldehyde solution after perfusion and immersion fixed for 24 h. Remnants of fixative 

were carefully washed out from the nerve, and the tissue was treated in 1% OsO4 in PBS 

(Agar Scientific, Stansted, UK) for 1 h, dehydrated in a graded ethanol series and propylene 

oxide and then embedded in Durcupan (Fluka, Switzerland). Semithin sections (0.4 µm thick) 
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were cut 2 mm distal to the graft on a Leica Ultracut-R ultramicrotome and stained according 

to Rüdeberg (183). 

	  

Locomotor	  tests	  -‐	  Gait	  analysis	  (CatWalk™)	  

To evaluate the functional recovery of the animals Catwalk gait analysis system (version 7.1, 

Noldus, Wageningen, The Netherlands) was used. This method allows an objective 

quantification of multiple static and dynamic gait parameters (184,185). The animals were 

trained to use the runway before the surgery for a period of 3 weeks. Postoperatively, animals 

were evaluated once a week from week 4 to week 12. Various parameters for locomotor 

functional recovery including print area, maximum intensity, stance time and duty cycle were 

determined. The intensity of the right hind paw was expressed as a percentage of the contra-

lateral left hind paw. The Catwalk experiments were performed in a blinded fashion. 

	  

Electrophysiology	  

At the end of the defined regeneration period (12 weeks), electrophysiological analysis 

(NeuroMax-XLTEK, Oakville, ON, Canada) was carried out before sacrificing the animals. 

Stimulation electrodes were placed 2 mm proximal and 2 mm distal to the graft for 

calculation of the nerve conduction velocity. A needle electrode was placed as a recording 

electrode into the tibialis anterior muscle, and the sciatic nerve was stimulated for 0.05 ms 

first proximally and then distally to the graft, so as to achieve the supramaximal stimulation 

amplitude. The compound action potential, the amplitude and the nerve conduction velocity 

were determined. All measurements were carried out at a temperature between 38 and 39° C. 

	  

Statistical	  analysis	  

Statistical analysis was performed using Graph Pad Prism software (Graph Pad Software Inc., 

San Diego, CA, USA). Normal distribution of data was tested with the Kolmogorov-Smirnov 

test. One-way ANOVA followed by Tukey´s post hoc test was used to assess statistical 

significance and p-values below 0.05 were considered statistically significant. All graphs in 

this study are shown as mean ± standard deviation (SD). 
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RESULTS 

Structural changes during processing of silk tubes 

Figure 25 A-C shows the raw SF-NGC consisting of braided single silk fibres. After 

degumming, the SF-NGC was subsequently treated with CaCl2/H2O/ethanol and FA for 20 

seconds each, followed by fixation with methanol (Figure 25A). This treatment resulted in a 

fusion of the outer single silk fibres to a closed layer with a varying thickness ranging from 40 

to 75 µm (Figure 25 D-F). Treatment with CaCl2/H2O/ethanol for less than 20 seconds 

resulted in thinner outer layer (Figure 25 G). In contrast, the luminal wall of the tube which 

was not treated with the various solvents, preserved its original braided structure (Figure 25 

F). Figure 26 shows the time-dependent effects of CaCl2/H2O/ethanol and FA on the SF fibres. 

SF fibres solely treated with CaCl2/H2O/ethanol dissolve and precipitate, especially after 40 

seconds. In contrast, FA-treatment alone disorganizes the original braided structure in a time-

dependent manner.  

 
Figure 25: Overview of the preparation method of the silk fibroin (SF) nerve guidance conduit (NGC). (A) 
shows a scheme of the treatment steps modifying a tubular braided structure based on SF fibres and generating a 
NGC. Scanning electron micrograph of the raw tubular structure of SF-based NGCs are shown before (B) and 
after (D-F) subsequent treatment with a ternary solvent of calcium chloride, ethanol and water in a molar ratio of 
1:2:8 (1st treatment step: in CaCl2/H2O/ethanol for 20 sec, >70°C), formic acid (2nd treatment step: Formic Acid 
(FA), for 20 sec at room temperature (RT)) and a final fixation step with Methanol (MeOH, for 20 min at room 
temperature). E: cross-sectional view of SF-NGC, D) Lateral view of SF-NGC, F) enlarged view of the framed 
area in E). C indicates the initial braiding design of the raw unprocessed NGC. In G) the SF structure was only 
treated for 10 sec in CaCl2/H2O/ethanol and FA, resulting in a thinner outer layer. 

approaches. Besides nervous tissue, other autologous mate-
rials, such as vein grafts8,9 or muscles,10,11 have been used to
bridge nerve gaps. However, the use of these substances is
both preclinically and clinically unsatisfactory.

Recent advances in tissue engineering have opened new
opportunities in peripheral nerve repair. Artificial nerve
guidance conduits (NGCs), composed of synthetic or natural
polymers, are currently being investigated for bridging
nerve defects.5,12,13 The rationale behind using an NGC is to
entubulate the nerve stumps to provide a protective micro-
environment for the regenerating peripheral nerve. While
numerous synthetic and natural biomaterials have been
evaluated, both preclinically and clinically, for the bridging
of nerve defects, their therapeutic benefits14,15 still remain
unsatisfactory.

In the past few years, silk fibroin (SF) has attracted con-
siderable interest as a biomaterial that is suitable for appli-
cations toward peripheral nerve regeneration. SF has been
shown to possess characteristics that favor its use as an NGC,
such as mechanical stability, slow degradation rate, bio-
compatibility, and its ability to support nerve regenera-
tion.2,16 Apart from biocompatibility, an NGC should act as a
barrier for infiltrating fibroblasts and provide mechanical re-
sistance against compression and kinking by the surrounding
tissue. Most of the current approaches to create tubular
structures use electrospinning, as this process can be well
controlled.2,17–20 Other techniques include dipping,21,22 gel

spinning,23,24 or molding.25 All the preparation techniques
mentioned earlier are based on dissolved SF, which is then used
to create a tubular construct. For the first time, to our knowl-
edge, our study attempts to use textile-engineered raw silk
constructs as the starting material for bridging a nerve defect.
To improve the mechanical properties favoring its use as an
NGC, these braided tubular structures are further processed by
treatment in a ternary solvent system of a CaCl2/H2O/ethanol
solution and then re-stabilized with formic acid (FA).

The aim of this study was to develop a novel method to
generate an SF-NGC with distinct mechanical and aniso-
tropic properties, and to prove its biocompatibility and
functionality both in vitro and in vivo in a rat sciatic nerve
injury model.

Materials and Methods

Unless otherwise noted, all reagents were obtained from
Sigma and are of analytical grade.

Design and preparation of silk conduits

White raw Bombyx mori silkworm fibers of 20/22 den,
250 T/m, were purchased from Testex AG. The tubular silk
conduit was fabricated in cooperation with a commercial
braiding company (Edelrid GmbH). Six single silk fibers
form a twisted yarn, representing the raw material for the
commercial braiding machines. Figure 1 shows the tubular

FIG. 1. Overview of the preparation method of the silk fibroin (SF) nerve guidance conduit (NGC). (A) Shows a scheme of
the treatment steps that modify the tubular braided structure based on SF fibers and generate an NGC. Scanning electron
micrographs of the raw tubular structure of SF-based NGCs are shown earlier. (B, C) Indicates the initial braiding design of the
raw unprocessed tube and after (D–F) degumming and subsequent treatment steps (first treatment step: degumming in boric
acid; second treatment step: CaCl2/H2O/ethanol for 20 s, > 70!C; third treatment step: formic acid [FA] for 20 s at room
temperature; and a final fixation step with methanol [MeOH], for 20 min at room temperature). (E) Cross-sectional view of SF-
NGC. (D) Lateral view of SF-NGC. (F) Enlarged view of the framed area in (E). In (G), the SF structure was only treated for
10 s in CaCl2/H2O/ethanol and FA, resulting in a thinner outer layer. Color images available online at www.liebertpub.com/tec
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Figure 26: Effects of the treatment steps on the surface of the silk fibroin (SF) fibre based nerve guidance 
conduits (NGC). Panels show scanning electron micrographs of the single treatments with calcium chloride, 
ethanol and water in a molar ratio of 1:2:8 (1st treatment step CaCl2/H2O/ethanol), formic acid (2nd treatment 
step: Formic Acid (FA) and the combined treatment (CaCl2/H2O/ethanol + FA), respectively. In the combined 
treatment, SF constructs were treated with CaCl2/H2O/ethanol and FA subsequently for 20 sec each, resulting in 
a total treatment time of 40 sec. For comparison the single steps have also been performed for a total time of 40 
sec. 

 

Cytocompatibility assays 

To investigate whether cytotoxic residuals were left in the SF-NGCs during the preparation 

procedure a MTT assay was performed. Dissected material from the SF-NGC and the 

unprocessed raw silk scaffold were incubated in cell culture media, to collect substances that 

may leach out of the constructs. Treatment of cultured Schwann cells with these leach-out 

media resulted in no significant difference in the cell viability of Schwann cells in any 

treatment group (Figure 27 A). Viability and adhesion pattern of Schwann cells cultured on 

the luminal surface of the silk tubes processed to various extent during the SF-NGC 

preparation procedure were tested with Calcein AM/propidium iodide staining. Treatment 

with CaCl2/H2O/ethanol and the full treatment procedure including incubation with FA 

induced significantly more Schwann cells to adhere to the luminal surface of the silk tubes 

structure designed from six intertwined twisted yarns.
The resulting raw silk conduit was degummed by boiling
in 0.2 M boric acid in a 0.05 M sodium borate buffer
(pH = 9.0).26 Batches of 2 g of silk conduits were boiled
twice in 500 mL of degumming solution for 45 min, with an
intermittent exchange of the degumming solution. After
degumming, scaffolds were thoroughly washed in double-
distilled water (ddH2O) and air-dried before further pro-
cessing (Fig. 1).

The degummed SF tubes were placed on an acrylonitrile
butadiene styrene rod, having a diameter of 2 mm, and
dipped into a boiling solution of the ternary solvent calcium
chloride/distilled water/ethanol (CaCl2/H2O/ethanol) at a
molar ratio of 1:2:8 for 20 s. Immediately after etching the
outer surface, the tubes were dipped in 100% of FA at room
temperature for 20 s. The tubes were then fixed in methanol
for 20 min and subsequently washed thoroughly with ddH2O
(Fig. 1). The tubes were dried under laminar airflow and
sterilized by autoclaving before use.

Endurance and fatigue tests

To test the elasticity of the SF-NGC in comparison to the
unprocessed initial tubular SF-scaffold, a custom-made

compression test machine was built (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/tec). This device was designed for repeated compres-
sion of a test specimen with constant maximum pressure.
Starting from the top position, a piston is moved downward
by a servo motor (Modelcraft RS2 MG/BB standard servo;
Conrad Electronic SE) at a speed of *5 mm/s linearly until
it touches the probe. The piston continually stresses the
probe until a predefined force threshold is reached. A force-
sensitive resistor (Strain gauge FSR 151; Interlink Electro-
nics), integrated into the piston, acts as a sensor and is part
of a voltage divider. The resistance, and thus the applied
force, is constantly sampled at 50 Hz sampling frequency
using the built-in 10 bit AD converter of the microcontroller
(Arduino Duemilanove Controller Board with Atmega
328mC; Atmel Munich GmbH). The system is calibrated
using a laboratory scale and operates with a – 5 g accuracy
(corresponding to 0.98 MPa). Once the threshold is reached,
the piston is returned to the top position, where it remains
for a period of time set by the user.

To evaluate the effect of the various treatment compo-
nents, four types of tubes have been evaluated (Fig. 2). The
first type was produced by degumming of the raw tube
followed by methanol treatment. The second and third types

FIG. 2. Effects of the treatment steps on the surface of the SF fiber-based NGC. Panels show scanning electron micro-
graphs of the degummed samples treated with the single treatments of calcium chloride, ethanol, and water in a molar ratio
of 1:2:8 (CaCl2/H2O/ethanol) or FA and the the effect of the combined treatment (CaCl2/H2O/ethanol + FA), respectively. In
the case of the combined treatment, SF constructs were treated with CaCl2/H2O/ethanol and FA, subsequently for 20 s each,
resulting in a total treatment time of 40 s. For comparison, the single-step treatments were carried out for 40 s.
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than degumming only (Figure 27 B-E). On the other hand, propidium iodide staining did not 

reveal any non-viable Schwann cells on the luminal surface of these cultured silk tubes 

(Figure 27 F). 

 
Figure 27: Results of the cytotoxicity, Schwann cell viability, and compression tests of the various conduits. (A) 
The primary Schwann cells cultured in the leach-out medium of either fully treated or degummed silk structures 
did not show signs of cytotoxic damage. (All data are means – standard deviation [SD] of eight independent 
experiments) (B–E) Fluorescent micrographs of Schwann cells showed good adherence and viability on the 
inside of the SF NGCs, where the propidium iodide staining [in (C)] revealed no dead cells on the internal wall 
of the tubes. (F) Schwann cell densities (cellular area occupied on the total surface) on the luminal surface of 
tubes were treated to vari- ous extents. Note the increasing attachment with the treatment steps. Asterisks 
indicate significant ( p < 0.005) difference between the tubes receiving degumming and the tubes treated further. 

 

Endurance test 

To verify the required elasticity of the SF-NGC, mechanical endurance tests were performed 

with a custom-made system (see Supplemental Figure 1). Degummed tubes were remained 

compressed and flat after 1000 cycles of compression (Figure 28 G). FA or 

CaCl2/H2O/ethanol improved the elastic properties of the SF-NGCs resulting in partial 

preservation of the lumen; however, substantial deformation was still present. On their own, 

none of these treatments were able to provide the SF-NGC with elastic properties to withstand 

external pressure, whereas full treatment (degumming, CaCl2/H2O/ethanol followed by FA 

out before sacrificing the animals. Stimulation electrodes were
placed 2 mm proximal and 2 mm distal to the graft for calcula-
tion of the nerve conduction velocity (NCV). A needle electrode
was placed as a recording electrode into the tibialis anterior
muscle, and the sciatic nerve was stimulated for 0.05 ms first
proximally and then distally to the graft, so as to achieve the
supramaximal stimulation amplitude. The compound action
potential, the amplitude, and the NCV were determined. All
measurements were carried out at a temperature between 38!C
and 39!C.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism
software (Graph Pad Software, Inc.). Normal distribution of
data was tested with the Kolmogorov–Smirnov test. One-
way analysis of variance followed by Tukey’s post hoc test
was used to assess statistical significance, and p-values be-

low 0.05 were considered statistically significant. All graphs
in this study are shown as mean – standard deviation.

Results

Structural changes during processing of silk tubes

Figure 1A–C shows the raw SF-NGC consisting of brai-
ded single silk fibers. After degumming, the SF-NGC was
subsequently treated with CaCl2/H2O/ethanol and FA for
20 s each, followed by fixation with methanol (Fig. 1A).
This treatment resulted in a fusion of the outer single silk
fibers to a closed layer with a varying thickness ranging
from 40 to 75mm (Fig. 1D–F). Treatment with CaCl2/H2O/
ethanol for < 20 s resulted in a thinner outer layer (Fig. 1G).
In contrast, the luminal wall of the tube, which was not
treated with the various solvents, preserved its original
braided structure (Fig. 1F). Figure 2 shows the time-
dependent effects of CaCl2/H2O/ethanol and FA on the SF

FIG. 3. Results of the cyto-
toxicity, Schwann cell viabil-
ity, and compression tests of
the various conduits. (A) The
primary Schwann cells cul-
tured in the leach-out medium
of either fully treated or de-
gummed silk structures did not
show signs of cytotoxic dam-
age. (All data are means –
standard deviation [SD] of
eight independent experi-
ments) (B–E) Fluorescent mi-
crographs of Schwann cells
showed good adherence and
viability on the inside of the SF
NGCs, where the propidium
iodide staining [in (C)] re-
vealed no dead cells on the
internal wall of the tubes. (F)
Schwann cell densities (cellu-
lar area occupied on the total
surface) on the luminal surface
of tubes were treated to vari-
ous extents. Note the increas-
ing attachment with the
treatment steps. Asterisks in-
dicate significant ( p < 0.005)
difference between the tubes
receiving degumming and the
tubes treated further. (G)
Compression test by using a
custom-made test system to
prove the improved elasticity
of modified degummed tubu-
lar structures shows that the
CaCl2/H2O/ethanol-FA-
MeOH modification is the
most resistant to mechanical
compression load. Red circles
indicate the initial lumen
(2 mm in diameter). Scale bars
indicate 500mm. Color images
available online at www
.liebertpub.com/tec
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treatment) helped improving the elastic properties of these SF-NGCs to become resistant to 

external forces (Figure 28 G).  

 

 
Figure 28: Compression test by using a custom-made test system to prove the improved elasticity of modified 
degummed tubu- lar structures shows that the CaCl2/H2O/ethanol-FA- MeOH modification is the most resistant 
to mechanical compression load. Red circles indicate the initial lumen (2 mm in diameter). Scale bars indicate 
500 mm 

 

Cell permeability 

A cell migration assay was applied to test the impermeability of the SF-NGC wall to invading 

cells. The test was based on the chemotactic properties of PDGF-AA embedded in a fibrin 

clot (Figure 29 A). The efficacy of NIH/3T3 fibroblasts to penetrate and pass through the wall 

of the silk tube was tested. Degummed silk tube walls were suitable structures for the 

fibroblasts to migrate through their braided structure similar to positive controls, where the 

cells were able to pass through the mesh of a cell strainer (100 µm pore size) (Figure 29 B-C). 

In contrast SF-NGC with a completely closed outer surface did not support the penetration of 

fibroblast into the wall of the conduit (Figure 29 C).  

out before sacrificing the animals. Stimulation electrodes were
placed 2 mm proximal and 2 mm distal to the graft for calcula-
tion of the nerve conduction velocity (NCV). A needle electrode
was placed as a recording electrode into the tibialis anterior
muscle, and the sciatic nerve was stimulated for 0.05 ms first
proximally and then distally to the graft, so as to achieve the
supramaximal stimulation amplitude. The compound action
potential, the amplitude, and the NCV were determined. All
measurements were carried out at a temperature between 38!C
and 39!C.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism
software (Graph Pad Software, Inc.). Normal distribution of
data was tested with the Kolmogorov–Smirnov test. One-
way analysis of variance followed by Tukey’s post hoc test
was used to assess statistical significance, and p-values be-

low 0.05 were considered statistically significant. All graphs
in this study are shown as mean – standard deviation.

Results

Structural changes during processing of silk tubes

Figure 1A–C shows the raw SF-NGC consisting of brai-
ded single silk fibers. After degumming, the SF-NGC was
subsequently treated with CaCl2/H2O/ethanol and FA for
20 s each, followed by fixation with methanol (Fig. 1A).
This treatment resulted in a fusion of the outer single silk
fibers to a closed layer with a varying thickness ranging
from 40 to 75mm (Fig. 1D–F). Treatment with CaCl2/H2O/
ethanol for < 20 s resulted in a thinner outer layer (Fig. 1G).
In contrast, the luminal wall of the tube, which was not
treated with the various solvents, preserved its original
braided structure (Fig. 1F). Figure 2 shows the time-
dependent effects of CaCl2/H2O/ethanol and FA on the SF

FIG. 3. Results of the cyto-
toxicity, Schwann cell viabil-
ity, and compression tests of
the various conduits. (A) The
primary Schwann cells cul-
tured in the leach-out medium
of either fully treated or de-
gummed silk structures did not
show signs of cytotoxic dam-
age. (All data are means –
standard deviation [SD] of
eight independent experi-
ments) (B–E) Fluorescent mi-
crographs of Schwann cells
showed good adherence and
viability on the inside of the SF
NGCs, where the propidium
iodide staining [in (C)] re-
vealed no dead cells on the
internal wall of the tubes. (F)
Schwann cell densities (cellu-
lar area occupied on the total
surface) on the luminal surface
of tubes were treated to vari-
ous extents. Note the increas-
ing attachment with the
treatment steps. Asterisks in-
dicate significant ( p < 0.005)
difference between the tubes
receiving degumming and the
tubes treated further. (G)
Compression test by using a
custom-made test system to
prove the improved elasticity
of modified degummed tubu-
lar structures shows that the
CaCl2/H2O/ethanol-FA-
MeOH modification is the
most resistant to mechanical
compression load. Red circles
indicate the initial lumen
(2 mm in diameter). Scale bars
indicate 500mm. Color images
available online at www
.liebertpub.com/tec
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Figure 29: Results of the cell permeability assay using a fibrin clot containing NIH/3T3 fibroblasts and a second 
clot loaded with platelet-derived growth factor-AA (PDGF-AA) as a chemoattractant (A) in the various 
experimental groups (B). Fibroblasts passed through different spacers, including a cell strainer mesh of 100 mm 
pore size [(C), positive control, panel top row] and the unprocessed tubular silk structure [(C), panel middle row], 
but were not able to penetrate the applied SF- NGC [(C), panel bottom row]. Columns 1, 2, and 3 represent the 
view from the initial cell containing fibrin clot, the opposite side of the used spacer, and the initial fibrin clot 
containing PDGF-AA, respectively. All samples were stained for residual or invaded cells with Calcein AM 
staining. Scale bar is 500 mm. 

 

Short term in vivo studies - general observations 

The implanted SF-NGCs were explored and thoroughly checked under the operating 

microscope one and three weeks after surgery. Figure 30 A shows the proximal and distal 

nerve stumps coaptated to the SF-NGC by two epineurial sutures at the time of surgery. One 

week after implantation, visual inspection revealed that the SF-NGC did not exhibit 

substantial degradation (Figure 30 B). Furthermore, no signs of inflammatory reaction or 

neuroma formation at the coaptation sites could be detected. The entire outer surface of the 

implanted graft was covered by a thin layer of connective tissue. Interestingly, the proximal as 

well as the distal end of the implanted SF-NGC shows a partial integration of the nervous 

fibers. SF fibers solely treated with CaCl2/H2O/ethanol
dissolve and precipitate, especially after 40 s. In contrast,
FA-treatment alone disorganizes the original braided struc-
ture in a time-dependent manner.

Cytocompatibility assays

To investigate whether cytotoxic residuals were left in the
SF-NGCs during the preparation procedure, an MTT assay
was performed. Dissected material from the SF-NGC and
the unprocessed raw silk scaffold were incubated in cell
culture media, to collect substances that may leach out of
the constructs. Treatment of cultured Schwann cells with
these leach-out media resulted in no significant difference in
the cell viability of Schwann cells in any treatment group
(Fig. 3A). Viability and adhesion pattern of Schwann cells
cultured on the luminal surface of the silk tubes processed to
a various extent during the SF-NGC preparation procedure
were tested with Calcein AM/propidium iodide staining.
Treatment with CaCl2/H2O/ethanol and the full treatment
procedure, including incubation with FA, induced signifi-

cantly more Schwann cells to adhere to the luminal surface
of the silk tubes than degumming only (Fig. 3B, D–F). On
the other hand, propidium iodide staining did not reveal any
nonviable Schwann cells on the luminal surface of these
cultured silk tubes (Fig. 3C).

Endurance test

To verify the required elasticity of the SF-NGC, me-
chanical endurance tests were performed with a custom-
made system (Supplementary Fig. S1). Degummed tubes
remained compressed and flat after 1000 cycles of com-
pression (Fig. 3G). FA or CaCl2/H2O/ethanol improved the
elastic properties of the SF-NGCs, resulting in partial
preservation of the lumen; however, substantial deformation
was still present. On their own, none of these treatments
were able to provide the SF-NGC with elastic properties to
withstand external pressure whereas full treatment (de-
gumming, CaCl2/H2O/ethanol followed by FA treatment)
helped in improving the elastic properties of these SF-NGCs
to become resistant to external forces (Fig. 3G).

FIG. 4. Results of the cell permeability assay using a fibrin clot containing NIH/3T3 fibroblasts and a second clot loaded
with platelet-derived growth factor-AA (PDGF-AA) as a chemoattractant (A) in the various experimental groups (B).
Fibroblasts passed through different spacers, including a cell strainer mesh of 100mm pore size [(C), positive control, panel
top row] and the unprocessed tubular silk structure [(C), panel middle row], but were not able to penetrate the applied SF-
NGC [(C), panel bottom row]. Columns 1, 2, and 3 represent the view from the initial cell containing fibrin clot, the opposite
side of the used spacer, and the initial fibrin clot containing PDGF-AA, respectively. All samples were stained for residual
or invaded cells with Calcein AM staining. Scale bar is 500 mm. Color images available online at www.liebertpub.com/tec
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tissue with the SF-NGC (Figure 30 B). Moreover, the thin layer of connective tissue on the 

surface of the SF-NGC contained small blood vessels (Figure 30 C-D). At 3 weeks after 

implantation the lumen of the SF-NGC was completely filled with regenerated tissue (Figure 

30 E). Careful dissection of the SF-NGC (Figure 30 F) revealed a complete reconnection of 

the proximal and distal nerve stumps.  

 
Figure 30: Integration of the silk-fibroin conduit in the defect site. (A) Photograph of an SF-NGC immediately 
after implantation between the sciatic nerve stumps. (B) Proximal side of the SF-NGC 1 week after implantation. 
Arrow indicates a thin layer of newly formed connective tissue capping the end of the SF-NGC. (C) Area of 
peripheral nerve surgery (1 week survival), showing small blood vessels in the thin layer of connective tissue 
around the conduit. (D) Enlarged photograph of the framed area in (C). Note the fine network of blood vessels. 
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(E) At 3 weeks after implantation, the lumen of the SF-NGC was completely filled with newly formed tissue. (F) 
Dissection of the SF-NGC in (E) revealed a reconnection of the distal and proximal nerve stumps. 

 

Axonal regeneration 

Our results showed that an 8 mm gap in the rat sciatic nerve could be bridged by implanting 

an SF-NGC in the gap. To compare the axon growth promoting capacity of the three conduits 

used in the study we looked at the axon outgrowth from the proximal nerve stump into the 

conduits ten days after grafting by using neurofilament staining. Autologous nerve grafts were 

already populated with regenerated axons along their whole length at this time-point and the 

axons approached the distal coaptation site (Figure 31 A). In contrast, the silk tubes were able 

to promote only limited outgrowth of the axons at this stage. The regenerating axons have 

grown to a distance of approximately 2 mm in both conduits (1.7 and 1.8 mm in empty tubes 

and 2 and 2.1 mm in collagen-filled tubes, n=2 in each group) without considerable difference 

between them (Figure 31 B, C). The autologous nerve grafts 10 days after postoperatively are 

well vascularized (Figure 31 A). A similar range of vascularization of the silk tubes could be 

observed on day 10 after surgery. No considerable number of macrophages were seen in the 

implanted silk tubes (Figure 31 B,C). 

 
Figure 31: Axonal regeneration and vascular ingrowth in the various experimental groups. (A) Regenerating 
axons (green) reach the distal coaptation site (indicating by broken lines) in the autologous nerve grafts 10 days 
postoperatively and the nerves are also well vascularized, as shown with the GSA-B4 lectin histochemistry (red). 
Note the lack of macrophages in these grafts. (B, C) The regenerating axons extend ca 2 mm into the silk tubes 
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with a similar range of vascularization on day 10 after surgery. No considerable number of macrophages was 
seen in the implanted silk tubes. Broken lines indicate the proximal coaptation zone. (D) Representative 
examples of axon growth through various con- duits 12 weeks after surgery. Note the robust regeneration via the 
autologous nerve graft, although numerous axons are able to also regenerate through the silk tube-based conduits. 
Axons were stained via neurofilament 200 kDa immunostaining, which failed to label the regenerating axons in 
the distal one- third of the empty silk tube (asterisk). 

 

Three months after transplantation the course of regenerated axons throughout the lumen of 

the implanted SF-NGCs and autologous nerve grafts was clearly visible (Figure 31D-F). 

Although the axon bundle was present in the empty silk tubes the immune-histochemical 

analysis did not reveal a significant staining pattern for neurofilament 200 kD in the distal 

portion of the tubes. On the other hand, myelinated axon counts showed significantly less 

myelinated axons in the empty SF-NGC as well as the collagen-filled SF-NGC compared to 

the autologous nerve graft empty SF-NGC: 1274 ±146, collagen-filled SF-NGC: 1678 ±303, 

autologous nerve graft: 6252 ±474; Figure 32). Accordingly, filling the silk tubes with 

collagen did not influence the short and long term regeneration of axons. 

 
Figure 32: Numbers of myelinated axons in the various experimental groups 12 weeks after implantation. 
Arrows point to well-myelinated axons in the distal stumps (A–D). The scale bar is 20 mm. Note the significant 
differences between the myelinated axon numbers found in autologous nerve graft and the silk tube-based 
conduits (E). All data are means of six animals – SD. *Indicates significant difference of p < 0.005. 

 trophysiological recordings were carried out 12 weeks after
transplantation. Compound nerve action potential (CNAP)
and NCV values were significantly improved in the auto-
logous nerve grafting group (CNAP: 22.8 – 7.5; NCV: 49.2 –
14.2) compared with both silk tube groups (empty SF-NGC,

CNAP: 6.5 – 3.1; NCV: 23.9 – 6.6. Collagen-filled SF-NGC,
CNAP: 9.7 – 4.4; NCV 25.9 – 7.3; Fig. 9). No difference
could be detected between the groups receiving the various
silk tubes, although the animals with empty silk tubes dis-
played slightly impaired electrophysiological data.

FIG. 7. Numbers of myelinated axons in the various experimental groups 12 weeks after implantation. Arrows point to
well-myelinated axons in the distal stumps (A–D). The scale bar is 20 mm. Note the significant differences between the
myelinated axon numbers found in autologous nerve graft and the silk tube-based conduits (E). All data are means of six
animals – SD. *Indicates significant difference of p < 0.005.

FIG. 8. Quantitative Cat-
Walk gait analysis of locomotor
functional recovery 12 weeks
after implantation, including
stance duration time (A), print
area (B), duty cycle (C) and in-
tensity exerted at maximum
floor contact area (D) of the
operated right hind limb relative
to the unoperated left hind limb.
Pretraining data show intact
values recorded 1 week before
surgery. All data are means of
six animals +/- SD. *Indicates
significant difference (p <
0.005) between the autologous
grafting and the empty silk tube
groups, whereas ** indicates
significant difference between
the autologous grafting (auto-
logous transplant) and both silk
tube groups either empty (silk
tube empty) or filled with col-
lagen (silk tube collagen).
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Functional recovery – Catwalk analysis 

Twelve weeks after surgery the functional recovery parameters (Figure 33A-D) including 

mean stance time, mean print area, mean duty cycle and the mean maximally exerted intensity 

of the right hind limb were evaluated. In three out of four parameters (excluding limb print 

area) there was a significant difference between the extent of recovery of the autologous nerve 

grafts compared to the empty silk tube, whereas in the case of duty cycle the animals 

receiving an autologous nerve graft performed significantly better in comparison to both silk 

tube groups. A minor, statistically not significant difference was found between the two silk 

tube groups in case of all parameters (Figure 33A-D). It should be noted that animals treated 

with autologous nerve grafts displayed functional parameters approaching but never closely 

reaching the pre-training values. 

 
Figure 33: Quantitative CatWalk gait analysis of locomotor functional recovery 12 weeks after implantation, 
including stance duration time (A), print area (B), duty cycle (C) and intensity exerted at maximum floor contact 
area (D) of the operated right hind limb relative to the unoperated left hind limb. Pretraining data show intact 
values recorded 1 week before surgery. All data are means of six animals +/- SD. *Indicates significant 
difference (p < 0.005) between the autologous grafting and the empty silk tube groups, whereas ** indicates 
significant difference between the autologous grafting (auto- logous transplant) and both silk tube groups either 
empty (silk tube empty) or filled with collagen (silk tube collagen). 

 

Electrophysiology 

The results of the electrophysiological analysis strongly correlate with the functional data 

described above. Electrophysiological recordings were carried out twelve weeks after 

transplantation. Compound nerve action potential (CNAP) and nerve conduction velocity 

(NCV) values were significantly improved in the autologous nerve grafting group (CNAP: 

trophysiological recordings were carried out 12 weeks after
transplantation. Compound nerve action potential (CNAP)
and NCV values were significantly improved in the auto-
logous nerve grafting group (CNAP: 22.8 – 7.5; NCV: 49.2 –
14.2) compared with both silk tube groups (empty SF-NGC,

CNAP: 6.5 – 3.1; NCV: 23.9 – 6.6. Collagen-filled SF-NGC,
CNAP: 9.7 – 4.4; NCV 25.9 – 7.3; Fig. 9). No difference
could be detected between the groups receiving the various
silk tubes, although the animals with empty silk tubes dis-
played slightly impaired electrophysiological data.

FIG. 7. Numbers of myelinated axons in the various experimental groups 12 weeks after implantation. Arrows point to
well-myelinated axons in the distal stumps (A–D). The scale bar is 20 mm. Note the significant differences between the
myelinated axon numbers found in autologous nerve graft and the silk tube-based conduits (E). All data are means of six
animals – SD. *Indicates significant difference of p < 0.005.
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22,8 ±7,5; NCV: 49,2 ±14,2) compared to both silk tube groups (empty SF-NGC, CNAP: 6,5 

±3,1; NCV: 23,9 ±6,6. Collagen-filled SF-NGC, CNAP: 9,7 ±4,4; NCV 25,9 ±7,3; Figure 34). 

No difference could be detected between the groups receiving the various silk tubes, although 

the animals with empty silk tubes displayed slightly impaired electrophysiological data. 

 
Figure 34: Electrophysiological analysis of the effect of axonal regeneration through the various conduits. The 
compound nerve action potential area (A) and nerve conduction velocity values (B) were significantly improved 
in cases of autologous nerve grafts (autologous transplant) compared with silk conduits. All data are means of 
six animals–SD. *Indicates a significant difference of p < 0.005 between the autologous grafting and both silk 
tube groups either empty (silk tube empty) or filled with collagen (silk tube collagen). 

 

DISCUSSION 

In this study we have investigated the mechanical properties and biocompatibility of a novel 

nerve guidance conduit manufactured from a braided tubular structure of silk fibroin fibres. 

Moreover, the ability of this novel conduit to bridge a peripheral nerve gap and support the 

regeneration of injured rat sciatic nerve axons has been tested. 

The nature of the chemical treatment to transform a braided structure into a mechanically 

resistant, flexible tube, non-permeable for externally invading cells made it necessary to 

investigate cytotoxicity and cellular viability prior to in vivo implantation. The mixture of 

CaCl2/H2O/ethanol dissolves native silk fibres (186,187), while methanol induces the 

formation of β-sheets, leading to a crystalline-like structure of the silk fibroin (188,189). 

Formic acid functions as a solving and crystallizing agent. Um et al. (190,191) reported that 

formic acid induces an ordered structure and molecular arrangement. As the end result, this 

combination treatment resulted in a homogenous crystalline-like outer layer of the nerve 

conduit wall. In addition, by controlling the incubation times we were able to design the 

structure and thickness of the outer crystalline layer. All together the treatment steps resulted 

in the generation of a mechanically stable tubular conduit. 

Apart from the favourable mechanical properties the question remained whether this construct 

maintained its biocompatibility, was able to prevent invasion of connective tissue cells from 

Discussion

In this study, we have investigated the mechanical prop-
erties and biocompatibility of a novel NGC manufactured
from a braided tubular structure of SF fibers. Moreover, the
ability of this novel conduit to bridge a peripheral nerve gap
and support the regeneration of injured rat sciatic nerve
axons has been tested.

The nature of the chemical treatment to transform a braided
structure into a mechanically resistant, nonpermeable, and
flexible tube for externally invading cells made it necessary to
investigate cytotoxicity and cellular viability before in vivo
implantation. The mixture of CaCl2/H2O/ethanol dissolves
native silk fibers,32,33 while methanol induces the formation
of b-sheets, leading to a crystalline-like structure of the
SF.34,35 FA functions as a solving and crystallizing agent. Um
et al.36,37 reported that FA induces an ordered structure and
molecular arrangement. As the end result, this combination
treatment resulted in a homogenous crystalline-like outer
layer of the nerve conduit wall. In addition, by controlling the
incubation times, we were able to design the structure and
thickness of the outer crystalline layer. All together, the
treatment steps resulted in the generation of a mechanically
stable tubular conduit.

Apart from the favorable mechanical properties, the
question remained as to whether this construct maintained
its biocompatibility, was able to prevent invasion of con-
nective tissue cells from the environment, and provided a
supportive luminal surface for proliferating Schwann cells.
According to our findings, these conduits fulfilled all these
requirements.

Our short-term in vivo studies have provided evidence
that the implanted silk tube conduits were able to integrate
into the host environment without generating significant
inflammatory reactions and, on the other hand, could suc-
cessfully bridge an eight-millimeter-long nerve defect.
These features may enable this type of silk tube conduit to
act as a strong candidate for nerve repair. From a practical
point of view, the best available nerve conduit is an autol-
ogous nerve graft, frequently regarded as the gold standard
for experimental and clinical use of nerve grafting. There
is, however, an urging need for nerve conduits in clinical use
when autologous nerve grafts are not available. These
conduits should preferably fulfill a number of requirements:
They should be biocompatible, long enough to bridge large

defects, able to support Schwann cell proliferation followed
by rapid axonal regeneration, and accept external vascular
ingrowth, while they resist invasion of external cell popu-
lations, especially that of fibroblasts.

It is evident that a chemically inert silk tube bears several
of the features mentioned earlier but it is still unlikely to
guide a significant number of degenerating axons over long
distances. The longest distances that can still be bridged by
artificial or natural conduits are frequently called ‘‘critical
gap,’’ and they are believed to range between 2 and 6 cm
in humans.37–39 Gaps longer than 6 cm can only be re-
connected by using autologous nerve grafts or nerve allo-
grafts.40–42 The intriguing question is raised as to how nerve
conduits should be altered to make them suitable for grafting
in long nerve defects. The silk tube conduit presented in this
study is likely to undergo a number of further modifica-
tions to suit these requirements. It could be argued that by
making the silk tubes permeable for growing vessels and
modifying their luminal environment to foster axonal re-
generation the silk tube conduits would be transformed into
structures with features closely resembling peripheral nerve
grafts. Such conduits should carry features usually present in
an intact or freshly degenerated peripheral nerve, for ex-
ample, the presence of axonal growth-promoting cells (such
as Schwann cells or Schwann cell-like cells)43–45 and the
extracellular matrix compounds produced by these cells.
Recently, advances in experimental bridging of larger nerve
defects have been made, including the strategies outlined
earlier. We suggest that the next generation of biologically
inert silk tube conduits could possibly include treatment
with the peripheral nerve-specific extracellular matrix mol-
ecules fibronectin and laminin along with sequential trans-
plantation of Schwann cells or Schwann cell-like cells into
the conduit.

These novel methodological approaches may open new
horizons in the field of peripheral nerve regeneration and
repair and may contribute to better treatment opportunities
of large human nerve defects.

Conclusion

In this study, we describe the production of a novel NGC
based on raw silk textile tubular structures. The chemical
treatment of the raw silk tube resulted in a biocompatible and
mechanically stable conduit that was able to bridge relatively

FIG. 9. Electrophysiological analysis of the effect of axonal regeneration through the various conduits. The compound
nerve action potential area (A) and nerve conduction velocity values (B) were significantly improved in cases of autologous
nerve grafts (autologous transplant) compared with silk conduits. All data are means of six animals – SD. *Indicates a
significant difference of p < 0.005 between the autologous grafting and both silk tube groups either empty (silk tube empty)
or filled with collagen (silk tube collagen).

SILK NERVE GUIDANCE CONDUIT 955
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the environment and provided a supportive luminal surface for proliferating Schwann cells. 

According to our findings these conduits fulfilled all these requirements. 

Our short term in vivo studies have provided evidence that the implanted silk tube conduits 

were able to integrate into the host environment without generating significant inflammatory 

reactions and on the other hand could successfully bridge an eight millimeter long nerve 

defect. These features may enable this type of silk tube conduit to act as a strong candidate for 

nerve repair. From a practical point of view, the best available nerve conduit is an autologous 

nerve graft, frequently regarded as the gold standard for experimental and clinical use of 

nerve grafting. There is, however, an urging need for nerve conduits in the clinical use when 

autologous nerve grafts are not available. These conduits should preferably fulfill a number of 

requirements: they should be biocompatible, long enough to bridge large defects, able to 

support Schwann cell proliferation followed by rapid axonal regeneration and accept external 

vascular ingrowth, while they resist to invasion of external cell populations especially that of 

fibroblast. 

It is evident that a chemically inert silk tube bears several of the above mentioned features 

still is unlikely to guide significant number of degenerating axons over long distances. The 

longest distances that can still be bridged by artificial or natural conduits are frequently called 

“critical gap”, and they are thought to range between 2 and 6 cm in humans (38-40). Gaps 

longer than 6 cm can only be reconnected by using autologous nerve grafts or nerve allografts 

(40,41). The intriguing question is raised how nerve conduits should be altered in order to 

make them suitable for grafting in long nerve defects. The silk tube conduit presented in this 

study is likely to undergo a number of further modifications to suit these requirements. It 

could be argued that by making the silk tubes permeable for growing vessels and modifying 

their luminal environment in order to foster axonal regeneration the silk tube conduits would 

be transformed into structures with features closely resembling peripheral nerve grafts. Such 

conduits should carry features normally present in an intact or freshly degenerated peripheral 

nerve e.g. the presence of axonal growth promoting cells (like Schwann cells or Schwann cell 

-like cells) (43-45) and the extracellular matrix compounds produced by these cells. Recently 

advances in experimental bridging of larger nerve defects have been made including the 

strategies outlined above. We suggest that the next generation of biologically inert silk tube 

conduits could possibly include treatment with the peripheral nerve specific extracellular 

matrix molecules fibronectin and laminin along with sequential transplantation of Schwann 

cells or Schwann cell-like cells into the conduit.  
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These novel methodological approaches may open new horizons in the field of peripheral 

nerve regeneration and repair and may contribute to better treatment opportunities of large 

human nerve defects. 

 

CONCLUSION 

In this study we describe the production of a novel nerve guidance conduit based on raw silk 

textile tubular structures. The chemical treatment of the raw silk tube resulted in a 

biocompatible and mechanically stable conduit, which was able to bridge relatively short gaps 

in the rat sciatic nerve. It can be concluded that these silk tube conduits are subject to further 

studies and modifications in order to produce cellularised bioartificial conduits that would 

support long distance nerve regeneration. 
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SUPPLEMENT 

	  

Supplementary Figure 1: Custom-made compression testing machine. The test sample (1) is mounted on a 

silicone mat that fits in a petri dish via pins. A piston (2) is moved downwards via a servo motor (3) at a speed of 

approximately 5 mm/s in a linear manner until it touches the probe. The piston continually stresses the probe 

until a predefined force threshold is reached. A force sensitive resistor (4), which is integrated into the piston, 

works as a sensor and is part of a voltage divider. The resistance and thus the applied force is constantly sampled 

at 50 Hz sampling frequency using the built-in 10 bit ADC of the microcontroller (5). Once the threshold is 

reached, the piston is returned to the top position, where it remains for a time set by the user.  
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ABSTRACT	  

Schwann cells play a key role in peripheral nerve regeneration. Failure in sufficient formation 

of Büngner bands due to impaired Schwann cell proliferation has significant effects on the 

functional outcome after regeneration. Therefore the growth substrate for Schwann cells 

should be considered with highest priority. Due to its excellent biocompatibility silk fibroin 

has attracted considerable interest as a biomaterial for use as a conduit in peripheral nerve 

regeneration. In this study we established a protocol to covalently bind collagen and laminin 

to silk fibroin utilizing carbodiimide chemistry, evaluating adhesion, viability and 

proliferation of Schwann cells. A cell adhesion assays revealed that laminin and collagen 

significantly improved Schwann cell adhesion to silk fibroin and that laminin accelerated 

adhesion. Furthermore Schwann cell proliferation and viability assessed with BrdU and MTT 

assay were increased in the laminin coated groups. The results suggest beneficial effects of 

laminin on both, cell adhesion as well as proliferative behaviour of Schwann cells.	  	  

	  

Key words: silk fibroin; Schwann cells; cell adhesion; laminin; 
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INTRODUCTION 

Peripheral nerve lesions occur with a prevalence of approximately 5% in trauma associated 

injuries. Even though autologous nerve grafts are the clinical gold standard, the functional 

regeneration often is not satisfactory and autografts show several severe disadvantages such 

as limited availability and potential donor site morbidity (9,102,132,192). Alternatives are 

sought to facilitate nerve regeneration, such as artificial nerve guidance tubes, luminal fillers 

containing neurotrophic substances and/or Schwann cells. Some of these approaches are 

currently used in clinical nerve repair, though there is an ongoing debate as concerns their 

appropriate use, effectiveness and side-effects (103,104). One of the major reasons for the 

unsatisfactory outcome after repair of long distance gaps is the limited proliferative capacity 

of Schwann cells (105) and their selective adhesion to surfaces (193). Schwann cells play a 

key role in peripheral nerve regeneration: they participate in the removal of myelin and axonal 

remnants, start proliferating and align to build the so called bands of Büngner (106). After the 

axon has elongated along these bands of Büngner, the Schwann cells start to remyelinate the 

newly formed axon to complete the regenerative process. Failure in sufficient formation of 

Büngner bands due to impaired Schwann cell proliferation has significant effects on the 

functional outcome after regeneration (43). Therefore the growth substrate for Schwann cells 

should be considered with highest priority.  

Silk fibroin has attracted considerable interest as a biomaterial for use as a conduit in 

peripheral nerve regeneration due to its excellent biocompatibility (194–197). In previous 

studies our group demonstrated that carbodiimide chemistry could be utilized to covalently 

bind the plant lectin wheat germ agglutinin to silk fibroin- improving adhesion time of 

anterior cruciate ligament fibroblasts and adipose derived stem cells significantly compared to 

the native silk fibroin. Laminin and collagen interact with integrins on the surface of Schwann 

cells, supporting adhesion and proliferation of Schwann cells (198).  

We hypothesize that covalent binding of laminin and collagen I/III to silk fibroin improves 

cell adhesion and might have beneficial effects on Schwann cells cultured on silk fibroin. Aim 

of this study was to investigate the influence of covalently bound laminin and collagen I/III 

on the adhesion, viability and proliferation of Schwann cells.  
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MATERIAL AND METHODS 

Schwann	  cell	  isolation	  and	  culture	  

All animals were euthanized according to established protocols, which were approved by the 

City Government of Vienna, Austria in accordance with the Austrian Law and Guide for the 

Care and Use of Laboratory Animals as defined by the National Institute of Health. Animals 

and treatment/control groups were randomly chosen and analysed without pre- or post 

selection of the respective nerves or cultures.  

Sciatic nerves of adult male Sprague Dawley rats were dissected and kept in phosphate 

buffered saline (PBS; PAA, Austria) pre-chilled on ice until further use, but not longer than 

one hour. Schwann cells were isolated from the treated and non-treated sciatic nerve tissues 

according to a method adapted from Kaekhaw et al. (108) Briefly, the epineurium was 

removed and nerves were strained and minced. Nerve fragments were incubated with 0.05% 

collagenase for 1 hour at 37°C subsequently filtered through a 40 µm cell strainer and 

centrifuged at 400 x g for 6 minutes. After washing the cell pellet in Dulbecco’s Modified 

Eagle Medium (DMEM; PAA, Austria) containing 10% fetal calf serum (FCS; PAA, 

Austria), the pellet was resuspended in DMEM-D-valine (PAA, Austria), supplemented with 

10% FCS, 2 mM L-Glutamine (PAA, Austria), 1% antibiotics (PAA, Austria), N2 supplement 

(Invitrogen, Germany), 10 µg/mL bovine pituitary extract (Sigma-Aldrich), 5 µM forskolin 

(Sigma-Aldrich). Cell suspension was seeded on 6-well plates (PAA, Austria) coated with 

poly-L-lysin (Sigma-Aldrich) and laminin (Sigma-Aldrich). Purity of Schwann cell cultures 

was assessed with flow cytometry and common Schwann cell markers S100, P75 and P0.  

	  

Preparation	  of	  silk	  films	  

Silk films were prepared as described by Teuschl et al. (199). Briefly, sericin was removed 

from white raw Bombyx mori silkworm fibres (20/22den, 250T/m, Testex AG, Switzerland) 

by boiling in 0.2 M boric acid in a 0.05 M sodium borate buffer at pH 9.0, followed by rinsing 

in ddH2O. Subsequently fibres were dissolved in calcium chloride, ethanol and ddH2O (1:2:8) 

for 6h. The solution was then filtered (0.22 µm, Rotilab, Germany), dialyzed against ddH2O 

using, a Slide-a-Lyzer dialysis cassette (Pierce) with a molecular weight cut off of 3.500 Da 

and lyophilized. Silk films were prepared after reconstitution with hexafluoro-2-propanol (25 

mg/ml) in 96 well plates (50 µl) or 24 well plates (150 µl) respectively, air-dried and stored at 

4°C. 
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Coating	  of	  silk	  films	  with	  laminin	  and	  collagen	  

Placental collagen and laminin were resuspended in HEPES pH 7.4 to a concentration of 

1mg/ml and a blend of collagen/laminin to a concentration of 1 mg/ml each over night on a 

roller mixer. Plates/fibres were immersed in 100% methanol for an hour and allowed to air-

dry. After hydration over night in 20 mM HEPES/NaOH (pH 7.0) buffer, the carboxy groups 

were activated by adding 0.5 mg/mL 1-ethyl-3-(dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) and 0.7 mg/mL N-hydroxysuccinimide (NHS) solution in 20 mM 

HEPES/NaOH (pH 7.0) (2 hours) and subsequently rinsed in 20 mM HEPES pH 7.0. Coating 

with laminin, collagen and laminin/collagen was perfomed at 4°C over night and films were 

subsequently rinsed. For all assays uncoated wells (ctrl), poly-L-lysin/laminin coated wells 

and fibroin coated wells acted as control groups.  

 

Cell adhesion assay 

To evaluate alterations in Schwann cell adhesion to the silk films after coating with placental 

proteins, an attachment assay was performed. Schwann cells were detached from cell culture 

plastic with Accutase to preserve cell viability and ensure most efficient re-attachment. 

Accutase activity was stopped with cell culture medium and cells were counted using a cell 

counter (BioRad T20). 5x104 cells (60 µl) were pipetted onto the silk films as well as control 

wells of a 96 well plate (triplicates per Schwann cell culture; 1 triplicate of 1 donor equals 

n=1), and tube containing cell suspension was inverted after every triplicate. The	  plates	  were	  

incubated	   for	   30	  min	   under	   standard	   cell	   culture	   conditions	   (37°C,	   5%	   CO2	   and	   95%	  

humidity).	   Subsequently	   supernatant	   containing	   non-‐adhered	   cells	   was	   collected	   and	  

residual	  cells	  were	  added	  after	  washing	  step	  with	  PBS	  (60	  µl).	  Cells	  were	  counted	  using	  

a	  cell	  counter.	  	  

 

Cell viability  

Cell viability of Schwann cells on the coated silk fibres was determined using MTT assay. 

Schwann cells, seeded at a density of 4x104 cells/cm2 (triplicates / Schwann cell culture; 1 

triplicate of 1 donor equals n=1), incubated with culture medium containing 650 µg/ml MTT 

[3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] bromide (Sigma Aldrich) for 1 hour at 

standard cell culture conditions (37°C and 5%) (30 hours after seeding). Medium was 

discarded and MTT formazan precipitate was dissolved in 100 µl DMSO (Sigma Aldrich) by 
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shaking in dark for 20 minutes. Light absorbance at 540 nm was measured immediately and 

optical density (OD) values were corrected for an unspecific background on an automatic 

microplate reader (Tecan Sunrise; Tecan).  

 

Proliferation 

Proliferation of Schwann cells on the coated silk fibres was evaluated using a 5- bromo-2-

deoxyuridine uptake assay (BrdU; Cell Proliferation ELISA assay Kit; Roche Diagnostics, 

Switzerland), according to manufacturer’s instructions. Briefly, coated and control 96 well 

plates were seeded with Schwann cells at a density of 4x104 cells/cm2 (triplicates / Schwann 

cell culture; 1 triplicate of 1 donor equals n=1). Cells were left to adhere for 24 hours and 72 

hours. Subsequently medium was changed to Schwann cell medium containing 100 µM BrdU 

and cells were incubated for 24 hours at standard cell culture conditions (37°C and 5% CO2). 

The culture plates were fixated with FixDenat® solution and incubated with anti-BrdU POD 

antibody solution for 60 minutes at room temperature. After washing the plate with PBS 

twice, substrate solution (tetramethyl benzidine) was added for 20 minutes. The reaction was 

stopped with 1 M H2SO4 and absorption was measured at 450 nm with 690 nm as reference 

wavelength on an automatic microplate reader (Tecan Sunrise; Tecan, Switzerland). Results 

were normalized on cell count after 30 hour attachment period.  

 

Visualization of cells on silk fibres 

Schwann cells were seeded on functionalized fibroin matts (woven) and fibroin fibres at an 

initial seeding density of 4x104 cells/cm2. 48 hours after cell seeding, cell adherence on the 

fibres was visualized using a live/dead staining (Calcein AM/Propidium iodide; Thermo 

Fisher) according to manufacturer’s instructions. Briefly, cell-fibre constructs were incubated 

with Calcein AM (3 µM in DMSO) and propidium iodide (2.5 µM in water) in cell culture 

medium for 30 minutes. Subsequently cell-fibre constructs were washed twice with PBS and 

kept in PBS until evaluation with fluorescence microscopy.  

Statistical analysis 

Statistical difference was analysed using one-way ANOVA (analysis of variance) followed by 

Tukey range test for significant differences between the means. Significance was considered 

for P<0.05. For statistical calculations GraphPad Prism 5 for Mac OS X, Version 5.0b 

(GraphPad Software, Inc., La Jolla, CA, USA) was used. All data in this study are shown as 

mean ± standard deviation (SD). 
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RESULTS 
Improved immediate Schwann cell adhesion to modified silk films 

Prior to assays Schwann cell purity and proliferative status were assessed using flow 

cytometry and common Schwann cell specific markers. As seen in Figure 35A, Schwann cells 

expressed the Schwann cell marker S100b and the proliferation-associated marker P75, while 

myelin marker P0 is only mildly expressed. Figure 35B depicts Schwann cells expressing 

typical bipolar, spindle shaped Schwann cell morphology. 

	  

Figure 35: A) Flow cytometric analysis of Schwann cells using Schwann cell specific markers S100b, P75 and 
P0; B) light microscopy image depicting typical Schwann cell morphology; 

Schwann cell adhesion was evaluated in a cell attachment assay. 20 minutes, 2 hours and 24 

hours after cells were pipetted onto the films, residual non-adhered cells were counted and 

viability assessed with trypan blue exclusion. Uncoated control (ctrl) and the standard coating 

for Schwann cells (Lysin/Laminin) acted as negative and positive control respectively. Cell 

viability of the non-adhered Schwann cells decreased significantly over time (Figure 36A). 

While after 20 minutes around 95% of the non-adhered cells were negative for trypan blue, 

the amount of viable cells decreased to 35% after 24 hours (Figure 36 B). Figure 36B depicts 

that in all three time points significantly more cells adhered to the standard coating than to the 

untreated control, allowing a comparison of the treatment groups. Schwann cells adhered 

faster and overall better to fibroin, independent of coating, than to uncoated control. However, 

a significant improvement of attachment could be observed in the fibroin group coated with 

laminin, also compared to the standard coating group.  
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Figure 36: Schwann cell adhesion to silk fibroin films; (A) percentage of viable cells assessed with trypan-blue 
exclusion after 20 min, 2 hours and 24 hours; B) cell count of residual cells after 20 min (B2), 2 hours and 24 
hours after seeding on uncoated control (ctrl-dotted light grey), standard Schwann cell coating (Lysin/Laminin- 
dotted dark grey) or fibroin films coated with Collagen or Laminin; statistical significance was tested with 1- 
way ANOVA and Tukey range test; data is presented as Mean ± SD; *P<0.05, **P<0.01, ***P<0.0001; 1 
triplicate of 1 donor equals n=1; n=12; 

	  

Schwann	  cells	  proliferate	  on	  modified	  silk	  films	  

Proliferation behaviour on fibroin films was assessed with a BrdU incorporation assay. Cells 

were seeded on the films and left to adhere for 24 and 72 hours. Uncoated control (ctrl) and 

the standard coating for Schwann cells (Lysin/Laminin) acted as negative and positive control 

respectively. Schwann cells proliferated on both time points significantly more on 

lysin/laminin films than on the uncoated control (Figure 37). Proliferation on fibroin films 

was improved compared to the uncoated control, but lower than in the lysin/laminin group. 

Modification of the fibroin film with collagen negatively affected proliferation, while 

modification with laminin led to a significant improvement, comparable to the positive 

control lysine/laminin. (Figure 37). Between the early time point and later time point 

proliferation increased in all groups between 25-30%.  

	  

	  
Figure 37: Improved Schwann cell proliferation on silk fibroin films modified with laminin; BrdU assay of 
Schwann cells seeded on uncoated tissue culture plastic (ctrl), standard Schwann cell coating (Lysin/Laminin) 
and fibroin films coated with Collagen or Laminin; OD values were normalized on BrdU start point cell counts 
per group; statistical significance was tested with 1- way ANOVA and Tukey range test; data is presented as 
Mean ± SD; *P<0.05, **P<0.01, ***P<0.0001; 1 triplicate of 1 donor equals n=1; n=12; 
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Schwann	  cell	  viability	  on	  modified	  fibroin	  films	  

Influence on viability of Schwann cells was evaluated with an MTT assay. Cells were seeded 

on the films and left to adhere for 24 and 72 hours. Uncoated control (ctrl) and the standard 

coating for Schwann cells (Lysin/Laminin) acted as negative and positive control respectively. 

As seen in Figure 38, no significant differences in cell viability could be observed after 24 

hours, with a slight tendency towards a decreased viability in the uncoated control group (ctrl) 

and the fibroin/collagen group. However, after 72 hours Schwann cell viability was 

significantly higher in the lysine/laminin and fibroin/laminin group. OD values normalized on 

start point cell count revealed an increase between the early time point (24 hours) and the later 

time point (72 hours) of approximately 60% in the lysin/laminin and fibroin/laminin group, 

while in the other groups OD values increased only 25-30% (Figure 38). 

	  
Figure 38: Increased Schwann cell viability on fibroin films modified with laminin; MTT assay of Schwann cells 
seeded on uncoated tissue culture plastic (ctrl), standard Schwann cell coating (Lysin/Laminin) and fibroin films 
coated with Collagen or Laminin; OD values were normalized on BrdU start point cell counts per group; 
statistical significance was tested with 1- way ANOVA and Tukey range test; data is presented as Mean ± SD; 
*P<0.05, **P<0.01, ***P<0.0001; 1 triplicate of 1 donor equals n=1; n=12;	  

	  

Improved	  adhesion	  to	  laminin-‐modified	  silk	  fibre	  matts	  and	  silk	  fibres	  	  

To investigate efficacy of the coating on single fibres and matts in terms of Schwann cell 

attachment, cells were visualized using a live/dead stain. Cells were seeded on the matts and 

fibres and left to adhere for 48 hours. After staining procedure, silk matts and fibres were 

positioned with the surface containing the cells facing the light beam of the microscope. 

Calcein AM/PI staining shows a high number of viable cells adhered to the laminin-coated 

fibroin matts and fibres, while only a few cells could be detected on the uncoated and 

collagen-coated fibres and matts. (Figure 39) 
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Figure 39: Representative fluorescence micrographs of Schwann cells visualized using a Calcein AM/propidium 
iodide staining; viable cells appear green; upper panel: Schwann cells seeded on woven silk fibroin matts coated 
with collagen or laminin; lower panel: Schwann cells seeded on silk fibroin fibres coated with collagen or 
laminin;  

	  

DISCUSSION	  

In this study we hypothesized that covalent binding of laminin and collagen I/III to silk 

fibroin could accelerate cell adhesion and as a result have beneficial effects on Schwann cell 

viability and proliferation cultured on silk fibroin.  

A well-known method was used to isolate Schwann cells by first dissociating the nerve and 

then cultivating the cells in a selective medium introduced by Kaekhaw et al. 2012 (108). 

Purity of the Schwann cells used was proven with S100b, P75 and P0 antibody staining, 

evaluated with flow cytometry. Furthermore cells showed the typical Schwann cell bipolar, 

spindle-like morphology.  

Vleggert et al. (200) showed that Schwann cells can adhere to a number of materials, 

contradicting the common opinion that attachment is limited to an exclusive materials coated 

with ECM molecules and therefore an important consideration for Schwann cultures 

(200,201). In our study we demonstrated that - seeded in a low concentration - Schwann cells 

adhered to a certain degree to all substrates, even to the negative control (uncoated tissue 

culture plastic), but there were significant differences between the substrates providing ECM 

molecules and the uncoated controls at all three time points evaluated. Covalent binding of 

laminin to fibroin significantly improved cell adhesion, also compared to the standard coating 

used for Schwann cells (lysine/laminin). Moreover it accelerated attachment: more than 90% 
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of the seeded cells adhered within the first 20 minutes. As seen in Figure 36, time is a crucial 

factor. Percentage of viable cells within the non-adhered cells decreased significantly after 2 

hours and 24 hours. This effect might not only result in high variations of cell numbers, but 

also in a selection of sub-populations within the Schwann cells. A faster and more efficient 

cell seeding results in a lower initial cell number needed and a reduction of donor material 

necessary. 

It is known that laminin and collagen interact with integrins on the surface of Schwann cells, 

supporting adhesion and proliferation (198). We observed a positive effect of both, laminin 

and collagen, on Schwann cell adhesion compared to the control groups. However, only the 

laminin-coated groups showed an increase in proliferation, while proliferation on the 

collagen-coated fibroin films was comparable to the negative control and even lower than 

fibroin alone. Simultaneously, cell metabolism assessed by MTT assay revealed no 

differences between the groups after 24 hours, but a significant increase in laminin coated 

groups after 72 hours. This increase in metabolic activity may be reflected in the increased 

proliferation. It has been shown that a number of neural cells respond with an increased 

viability and a later onset of apoptosis to adhesion on laminin (14,202,203). The increase in 

viability is in accordance with our findings, in further studies long term effects (eg on 

adhesion and apoptosis) have to be evaluated.   

Concluding, collagen and laminin covalently bound to silk fibroin increased cell adhesion, 

while only laminin also improved proliferation and cell viability.  
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SUMMARY 
Regeneration of peripheral nerves is more than other tissues a complex interplay of cells, 

growth factors and extracellular matrix. The unique trait of Schwann cells having a 

regenerative phenotype and in this state being extremely reactive to outer stimuli is challenge 

and possibility at the same time.  

When Schwann cells were treated with extracorporeal shockwaves,	  we observed a higher 

proliferative activity without phenotype commitment, increased purity of the culture as well 

as reduced expression of senescence associated markers even after long cultivation periods. 

Our in vitro study reflects a well-known in vivo problem, but also presents a possible solution: 

limited proliferative capacity of Schwann cells can be improved with extracorporeal 

shockwave treatment. Treated Schwann cells are thought to be building a growth substrate 

faster and for a longer period of time. The resulting in vivo effect could be twofold: not only 

results extracorporeal shockwave treatment in an acceleration of regeneration by activating 

autologous Schwann cells, but also allows reimplantation of a high number of autologous 

Schwann cells – or highly committed Schwann cell-like cells- expanded ex vivo, in a 

decidedly regenerative state.  

Nerve conduit luminal fillers have been topic of discussion for many years. Ideas of an ideal 

luminal filler include gels, single fibres, to composite gel/fibre fillers or multiple channels 

containing different growth factors and/or cells. We developed a gel/fibre composite material 

including fibrin in both components, which is known for its Schwann cell phenotype 

modifying characteristics: as long as fibrin is present Schwann cells cannot switch to their 

myelinating phenotype, and continue proliferating. We could show that mesenchymal stem 

cells differentiated into activated, proliferating SCLs react to minimal changes in stimulus, 

switching to a pro-myelinating phenotype. Aligned electrospun fibrin-PGLA fibres promoted 

the formation of Büngner-like structures in Schwann cell-like cells.  

In an attempt to develop a novel nerve conduit a braided silk fibroin tube was modified with a 

ternary solvent to improve its stability and topographic characteristics. Migration assays 

revealed that the modified tube is permeable for nutrients, but not for potentially ingrowing 

fibroblasts. In vitro cell viability tests confirmed cytocompatibility for Schwann cells. Short 

term in vivo studies in the rat proved that the silk fibroin did not trigger host inflammatory 

responses, while long term in vivo studies showed promising histologic and functional 

outcome.  
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Furthermore a protocol has been established to covalently bind laminin to silk fibroin utilizing 

carbodiimide chemistry, resulting in improved adhesion, viability and proliferation of 

Schwann cells. 

Summarizing, promising results have been found improving several aspects of nerve 

regeneration. Extracorporeal Shockwave Treatment appears to have a beneficial influence on 

a variety of cells, including mesenchymal stem cells and Schwann cells. Electrospun fibrin 

supports formation of Büngner like structures of Schwann cells and Schwann cell-like cells, 

qualifying it as luminal filler for mechanically stable silk fibroin tubes.  
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Banerjee A, Nürnberger S, Hennerbichler S, Riedl S, Schuh CM, 
Hacobian A, Teuschl A, Eibl J, Redl H, Wolbank S. 
Cell Tissue Bank. 2014 Jun;15(2):227-39 
PMID: 24166477 

Other 
Other 
Awards TERMIS-AM Neural and Spine TWIG travel award: 

Extracorporeal Shockwave Treatment accelerates peripheral nerve 
regeneration by altering Schwann cell phenotype- Poster 
presentation- TERMIS- Tissue Engineering and Regenerative Medicine 
Society Annual Meeting 2015 
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 Best Poster Presentation: In vitro Extracorporeal Shockwave  
 Treatment Enhances Stemness and Preserves Multipotency of Rat- 

and Human Adipose derived Stem Cells – Poster presentation – 
TERMIS- Tissue Engineering and Regenerative Medicine Society Annual 
Meeting 2013 

 
 Günther Schlag Award:	  “Extracorporeal Shockwave Treatment 

activates Schwann cells in vitro and in vivo”	  LBG Meeting for Health 
Sciences, Vienna, Dec. 2014 

Other 
 
Conferences Silk fibroin for peripheral nerve regeneration: a novel  
2015 preparation method improved mechanical characteristics and 

supports regeneration in rat sciatic nerves- Oral presentation 
TERMIS Tissue Engineering and Regenerative Medicine Society World 
Congress, Sept 2015 

 
 Extracorporeal Shockwave Treatment accelerates peripheral 

nerve regeneration by altering Schwann cell phenotype- 
Poster presentation; TERMIS Tissue Engineering and Regenerative 
Medicine Society World Congress, Sept 2015 

- 
  
 Schwann cells and Schwann like cells for Peripheral Nerve 
 Regeneration - Oral presentation TERMIS Winterschool 

„Vitro/Vivo Preclinical Models and Imaging in Musculoskeletal Tissue 
Regeneration“ 2015 

 
2014 In vitro Extracorporeal Shockwave Treatment in Adipose 

derived Stem Cells Leads to Enhanced Stemness and 
Preserves Multipotency- Oral presentation ISMSTbasic biannual 
meeting 2014 

 
 Schwann Cell like Cells for Peripheral Nerve Regeneration 

Approaches- Oral presentation PACT- Platform for Advanced 
Cellular Therapy meeting 2014 

  
 Extracorporeal Shockwave Treatment in vitro: Adipose 

derived Stem Cells show increased Stemness and 
Multipotency- Oral presentation TERMIS Tissue Engineering and 
Regenerative Medicine Society Annual Meeting 2014 

 
 Adipose derived Stem Cells Respond to in vitro 

Extracorporeal Shockwave Treatment With Increased 
Stemness and Multipotency – Oral presentation ECB European 
Congress of Biotechnology 2014 

  
 Extracorporeal Shockwave Treatment activates Schwann 

cells in vitro and in vivo- Oral presentation LBG Health Meeting 
2014 
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2013 In vitro Extracorporeal Shockwave Treatment has Beneficial 
Effects on Rat Schwann Cell Isolation and Culture – Oral 
presentation TERMIS- Tissue Engineering and Regenerative Medicine 
Society Annual Meeting 2013 
 

 In vitro Extracorporeal Shockwave Treatment Enhances 
Stemness and Preserves Multipotency of Rat- and Human 
Adipose derived Stem Cells – Poster presentation – TERMIS- 
Tissue Engineering and Regenerative Medicine Society Annual Meeting 2013 

  
 Adipose derived Stem Cells: In vitro Treatment with 

Extracorporeal Shockwaves Enhances Stemness and 
Preserves Multipotency- Oral presentation ISMST annual meeting 
2013 

 
2012 Schwann-like Cells- Neural Differentiation of rat Adipose 

Derived Stem Cells for improvement of Peripheral Nerve 
Regeneration- Oral presentation 4th Vienna Symposium on Surgery of 
Peripheral Nerves 2012 

 
 Activated Schwann-like Cells Guided by Fibrin Structures 

Enhance Axonal Regeneration Poster presentation TERMIS- 
Tissue Engineering and Regenerative Medicine Society Annual Meeting 2012 

 
2011  Aligned Fibrin and Schwann-like Cells: a ready-to-use Neve 

Conduit- Oral presentation TERMIS- Tissue Engineering and 
Regenerative Medicine Society Annual Meeting 2011 

  
 Aligned Fibrin-PGLA Matrix as a Scaffold for Schwann-like 

Cells- Oral presentation European Conference on Biomaterials 2011 
 
2010 Electrospun Fibrin for peripheral Nerve Regeneration- Poster 

presentation European Conference on Biomaterials 2010 
  
 Aligned Electrospun Fibrin Nanofibres for Peripheral Nerve 

Regeneration- Poster presentation BioNanoMed-International 
Congress on Nanotechnology in Medicine and Biology 2010 

  
Other 
Other 
Languages German: fluent  

 
English: fluent 

     
    Italian: fluent/profound knowledge 
 
    Austrian Sign Language: profound knowledge 
 
    Polish: knowledge 
 
 
Vienna, February 2016 


