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 Summary  
 

Summary 

Regeneration and reconstruction of severe peripheral nerve injuries is a complex and 

demanding field in regenerative medicine. So far, there are no bioartificial nerve 

guidance conduits (NGCs) on the market that can be equated with the autologous 

nerve transplant in long gap repair. In order to improve current developments of 

nerve guidance conduits this project has focused on the in vitro evaluation of 1) the 

biocompatibility of the natural-based biomaterial chitosan with peripheral nerve cells, 

2) luminal fillers in form of hydrogels for axonal growth support, and 3) neurotrophic 

factor delivery by means of nanotechnology and cell engineering in order to further 

increase axonal regeneration. The results obtained, revealed that chitosan materials 

with 5% degree of acetylation provide surfaces that allow cell adhesion and 

proliferation of Schwann cells (SCs) and bone marrow-derived mesenchymal stromal 

cells (BMSCs) as another cell type with regeneration promoting properties. 

Furthermore, both cell types could be co-cultured and supported neurite outgrowth 

from sensory dissociated dorsal root ganglia (DRGs) on chitosan films. Therefore, 

chitosan qualifies for the development of composite nerve graft devices. The 

analyzed hydrogels demonstrated that Gellan gum in its current composition needs 

to be further modified to reliably support neurite outgrowth and SC migration. NVR-

Gel, the second tested hydrogel, on the other hand, supported neurite outgrowth 

from sensory neurons and sympathetic/motor neuron-like cells. Selected 

neurotrophic factors, such as FGF-218kDa and GDNF were conjugated to iron-oxide 

nanoparticles or over-expressed by engineered SCs or BMSCs, respectively, and 

delivered to NVR-Gel. Overall, genetically modified SCs supported neurite outgrowth 

in NVR-Gel to a higher extent than genetically modified BMSCs in vitro. In addition, 

genetically modified SCs demonstrated a similar bioactivity as neurotrophic factors 

conjugated to iron-oxide nanoparticles. In summary, the work demonstrated that 
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 Summary/Zusammenfassung  
 

chitosan with 5% degree of acetylation and genetically modified cells are promising 

building blocks for composite nerve graft devices. SCs demonstrate some benefits 

also because they represent the physiological cells of peripheral nerves. The 

examined hydrogels need to be advanced and further modified in order to qualify as 

suitable intraluminal fillers of chitosan-based NGCs. 

Zusammenfassung 

Die Wiederherstellung ausgedehnter peripherer Nervenverletzungen durch 

künstliche Nervenleitschienen ist eine Herausforderung in der regenerativen Medizin. 

Bisher gibt es keine bioartifiziellen Nervenleitschienen, die nach Rekonstruktion 

langstreckiger Nervendefekte ähnliche Resultate erzielen, wie die Transplantation 

eines autologen Nervs. Um die Eigenschaften künstlicher Nervenleitschienen zu 

verbessern, wurden im Rahmen dieser Arbeit in vitro Studien durchgeführt. Hierbei 

wurden 1) die Biokompatibilität chitosanbasierter Biomaterialien mit Zellen des 

peripheren Nervensystems, 2) Hydrogele als mögliche Füllmaterialien zur 

Unterstützung axonalen Wachstums und 3) die Bereitstellung von neurotrophen 

Faktoren mittels Nanotechnologie oder gentechnisch veränderten Zellen zur 

Verstärkung axonaler Regeneration untersucht. Die Ergebnisse zeigen, dass 

Chitosanmaterialien mit einem Aceltylierungsgrad von 5% eine gute Grundlage für 

die Ansiedlung von Schwann-Zellen und Knochenmarksstammzellen (als weiteren 

Zelltyp mit regenerativen Eigenschaften), darstellt. Chitosanmaterialien erlauben 

nicht nur die Adhäsion der Zellen, sondern auch deren Proliferation. Gleichzeitig 

konnte gezeigt werden, dass beide Zelltypen zusammen kultiviert werden können 

und gemeinsam zu einem verbesserten Neuritenwachstum sensibler Neurone 

beitragen.  
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 Zusammenfassung  
 

Diese Resultate qualifizieren Chitosan somit für die Entwicklung einer komplexen 

Nervenleitschiene. Von den getesteten Hydrogelen zeigte sich Gellan gum als noch 

nicht geeignet, zuverlässig Neuritenwachstum sensibler Neurone und Schwann-Zell-

Migration zu fördern. NVR-Gel hingegen, erlaubte in vitro Neuritenwachstum sowohl 

sensibler, als auch sympathisch/motorischer Neurone bzw. Neuronen-ähnlicher 

Zelltypen. Ausgewählte neurotrophe Faktoren (z.B. FGF-218kDa und GDNF) wurden 

an Eisenoxid-Nanopartikel konjugiert oder durch gentechnisch veränderte Schwann-

Zellen oder Knochenmarkszellen dem NVR-Gel zugesetzt. Gentechnisch veränderte 

Schwann-Zellen unterstützten insgesamt das Neuritenwachstum in vitro in einem 

größeren Ausmaß, als gentechnisch veränderte Knochenmarkszellen. Darüber 

hinaus, zeigten gentechnisch veränderte Schwann-Zellen eine vergleichbare 

Bioaktivität gegenüber den mit Eisenoxid-Nanopartikeln konjugierten neurotrophen 

Faktoren. Zusammenfassend wurde in dieser Arbeit gezeigt, dass Chitosan mit 

5%igem Acetylierungsgrad und gentechnisch modifizierten Zellen vielversprechende 

Kandidaten für zusammengesetzte Nervenleitschienen darstellen. Dabei bleiben 

Schwann-Zellen, als natürlich im peripheren Nerven vorkommend, die Zellen erster 

Wahl. Die unterschiedlichen hier eingesetzten Hydrogele bedürfen allerdings noch 

weiterer Modifikationen, um als Füllmaterial für Chitosan Nervenleitschienen 

geeignet zu erscheinen.  
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 Introduction  
 

1 Introduction 

1.1 Tissue Engineering 

Tissue engineering is a growing field connecting regenerative medicine with 

engineering approaches to develop innovative artificial biomaterials that help to 

reestablish and support injured or to replace destroyed tissue and organs. 

Simultaneously, it tries to integrate the transplanted material with the self-healing 

processes of the body (www.tissueengineering.net; www.nibib.nih.gov). Today, 

tissue engineering plays a role in every area of regenerative medicine from skin, 

bone, cartilage to nerve tissue repair (Berthiaume et al., 2011). The optimal 

conditions and material properties, however, have not been found yet. Only some 

materials are Food and Drug Administration (FDA) approved allowing for use in 

humans (Bell and Haycock, 2012).  

This doctoral thesis deals with the development of improved bioengineered artificial 

nerve guidance conduits (NGCs) that can successfully be used in peripheral nerve 

tissue repair. 

1.2 Organization of the Nervous System 

The nervous system is an organized network that receives, transmits, and processes 

information. While in simple organisms sensory cells undertake all of these functions, 

in higher vertebrates the distribution of these functions is more complex.  

The vertebral nervous system has developed a vegetative nervous system as well as 

a somatic nervous system that can be divided into a central and a peripheral part. 

The first is called central nervous system (CNS) and comprises the brain and the 

spinal cord including three types of meninges. 
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Both, brain and spinal cord represent the integration center that processes 

information coming from and going back to the periphery (Kahle and Froscher, 2005). 

During the ontogenesis, the CNS evolved from the neural plate of the ectoderm that 

molds into the neural groove, from which the neural tube arises. Afterwards, the 

neural tube builds the base frame for the reorganization into brain and spinal cord. 

Cells enclosing the border of the neural groove split and migrate from that region. 

These are multi-potent progenitor cells that later form the peripheral nervous system 

(PNS) (Campbell and Reece, 2003a; Trepel, 2008a). The PNS is a receptor and 

effector organ that connects the CNS to every part of the body by cranial and spinal 

nerves, and associated ganglia. The PNS contains amongst others, sensory and 

motor neurons that conduct impulses to the CNS (Fig. 1A) or the periphery (Fig. 1B), 

respectively.  

In addition to neurons, glial cells are functional components of the nervous system, 

which ensheath and “feed” the neurons. The glial cells of the PNS are called 

Schwann cells (SCs) and together with neurons they represent the fundamental 

elements of the nervous system. A neuron (Fig. 1C) is morphologically composed of 

1) a cell body (soma or perikaryon) containing the nucleus and representing the 

metabolic center of a nerve cell, 2) dendrites for the reception of an excitation, 3) a 

single axon, and 4) synaptic endplates for the conduction of impulses to another 

neuron or an effector organ e.g. a muscle. A peripheral nerve in general (Fig. 1C), is 

composed of several nerve fibers. A single fiber contains several fascicles with 

multiple axons and their myelin sheaths. The connective tissue that surrounds these 

axons is called the endoneurium. Another layer of connective tissue, which encircles 

grouped fiber bundles, is the perineurium. Those structures again are surrounded by 

an outer connective tissue sheath, termed the epineurium (Campbell and Reece, 
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2003b; Trepel, 2008b). Besides myelinated nerve fibers, the PNS contains 

unmyelinated fibers with the majority found in the cutaneous nerve, the dorsal roots, 

and some muscle nerves (Brushart., 2011a).  

 

Fig.1 Organization of a peripheral nerve and the connection to the CNS. (A) The CNS with the 
spinal cord and the connection to the (B) PNS via motor and sensory neurons (C) Magnification of a 
nerve fiber illustrates several fascicles and a single axon that is myelinated by Schwann cells. The 
surrounding connective tissue layers include the endoneurium, perineurium, and the outer connective 
tissue the epineurium.  
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1.3 General Overview of Peripheral Nerve Injuries 

Peripheral nerve injuries (PNIs) are an ongoing health problem predominantly 

caused by traumatic work- or leisure-related accidents. Besides crush and 

compressions, serious PNIs are the result of lacerations or traffic accidents in 

particular motorcycle crashes. In addition, gunshot wounds are not uncommon, 

mainly as an outcome of military operations (Belkas et al., 2004; Daly et al., 2012; 

Kline, 2004). In most of the cases young men in their middle twenties are affected 

(Asplund et al., 2009; Noble et al., 1998). The estimated numbers of PNIs range from 

300.000-360.000 cases per year for Europe and the USA, respectively (Belkas et al., 

2004; Ciardelli and Chiono, 2006; Mohanna et al., 2003). Many of these traumatic 

events cause neuronal death, demyelination, and axonal degeneration resulting in 

persistent complaints, such as impaired sensory and motor nerve functionality and 

radiating neuropathic pain (Allodi et al., 2012; Höke and Brushart, 2010; Noble et al., 

1998; Wiberg et al., 2003). In contrast to the CNS, the PNS has the potential to 

regenerate. The regeneration process, however, is dependent on certain factors, 

such as the lesion size and the quality of the affected nerve, the person’s age, and 

most important, the time period from injury to surgical reconstruction (Brushart, 

2011b; Dahlin, 2013; Scheib and Höke, 2013). Due to the huge variety of peripheral 

nerve traumata, a concept categorizing PNIs into three main domains was formed by 

Seddon (Seddon, 1942), as presented in Table 1: 1) nerve compression 

(Neuropaxia), 2) nerve crush (Axonotmesis), and 3) nerve transection (Neurotmesis). 

While Neuropaxia and Axonotmesis have relatively good predictions for recovery, 

Neurotmesis is often linked to remarkable loss of nerve tissue and misdirected or 

failed axonal regrowth (Allodi et al., 2012; de Ruiter et al., 2008; Deumens et al., 

2010; Seddon, 1942). A few years later Seddons classification was specified by 
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Sunderland, who distinguished Neurotmesis into further subgroups (Deumens et al., 

2010), as shown in Table 1. Most of the PNIs are located in the upper limb 

extremities, as reported by several studies (Bruyns et al., 2003; Rosén et al., 2012). 

The easiest technique to repair minor nerve defects is the end-to-end suture. But this 

technique is restricted to a maximum gap length ranging from 5 mm to 2 cm 

depending on the nerve (Brushart, 2011c; Daly et al., 2012; Trumble and McCallister, 

2000). In case of longer gaps (>2 cm in human and ≥1.5 cm in rats) end-to-end 

suturing is impossible without introducing tension to the coaptation sites (Brushart, 

2011d; Deumens et al., 2010). Tension is deleterious for the regeneration process 

and impairs functional outcome (Clark et al., 1992; Miyamoto, 1979). Improved 

regeneration of long gaps started with the transplantation of autologous donor nerve 

material, which is still, to date, the “clinical gold standard”. This technique, however, 

is restricted by the limited length and lack of donor nerves, morbidity due to a 

secondary surgery, potential formation of painful neuroma at the donor site or still 

incomplete functional recovery (Battiston et al., 2005; Chalfoun et al., 2006; Millesi, 

2007; Ray and Mackinnon, 2010). To circumvent the limitations of nerve auto-

grafting, tissue engineering approaches focus on the development of innovative 

biocompatible artificial nerve graft devices that assist innate regeneration processes 

to reestablish the peripheral nerve (Geuna et al., 2013a, 2013b).  
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Table 1 Classification of nerve lesions according to Seddon (1942) with additional plotting 
of connective tissue damage by Sunderland (1951). 

Seddon 1943 Sunderland 1951 
    
Neuropaxia ------------- Grade I ---------- Disturbed conduction without loss  

of continuity 
   

    
    
Axonotmesis ----------- Grade II -------- Continuity of axons is disturbed  
    
    
 Grade III -------- Damaged axon and Endoneurium  
Neurotmesis ------------ Grade IV -------- Damaged axon and Endo-

neurium+Perineurium 
 

 Grade V --------- Complete damage of all nerve 
structures 

 

Modified from Deumens et al., 2010. 
 

1.3.1 Degeneration & Regeneration following PNI and the role of Schwann 
cells 

In order to facilitate a regenerative response following injury, a supportive milieu, 

which stimulates axonal regrowth and assists the reconnection of the axons to the 

target tissue, is required (Scheib and Höke, 2013). Schwann cells (SCs) play a 

significant role especially during the regeneration process. They take over important 

tasks, such as maintenance of remained and repair of damaged nervous tissue 

(Bunge, 1994; Jessen and Mirsky, 1999; Sebben et al., 2011). Furthermore, they 

provide stability to axons through their basal lamina and communicate to their axonal 

environment by the release of growth factors. In case of an injury, a whole set of 

regeneration cascades is activated, as indicated by remarkable molecular, 

morphological, and functional changes of the affected neuron and associated SCs 

during a process, first described by August Waller in 1921 (Gaudet et al., 2011; 

Muehlberger et al., 2001).  
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After an injury to a healthy nerve Fig. 2(1), the nerve ends retract. The proximal end 

undergoes chromatolytic changes, which are described as a shift of the central 

nucleus to the periphery of the neuronal cell body resulting in loss of Nissl substance 

Fig. 2(2). That in turn evokes the termination of metabolic events and initiates 

processes that are essential for axonal sprouting and regrowth (Deumens et al., 

2010). In the distal nerve end a calcium (Ca2
+) influx occurs into the axoplasm of the 

injured nerve tissue. That induces the activation of the so called Wallerian 

degeneration (WD). As depicted in Fig. 2(3), WD helps to clear inhibitory debris of 

myelin and axons and to create a microenvironment that supports axonal regrowth 

(Adalbert et al., 2012; Bradke et al., 2012; George et al., 1995). This degeneration 

starts earliest 24-48 hrs after injury in rodents and but only after several days in 

humans (Gaudet et al., 2011). During that time, the blood nerve barrier permeability 

increases, which allows factors and cells to start with tissue repair (Gray et al., 2007; 

Weerasuriya and Mizisin, 2011). An increased calcium level is detectable not only 

within the axoplasm, but also in SCs, where it leads to their early proliferation and 

dedifferentiation as well as an altered gene expression (Gaudet et al., 2011; 

Svennigsen and Dahlin, 2013). Within 48 hrs after an injury the axonal continuity 

breaks down. SCs lose contact to the axons and subsequently change their 

myelinating phenotype, in order to become proliferating cells. In that stage SCs up-

regulate regeneration promoting genes, transcription factors, cytoskeleton elements 

as well as the expression of neurotrophic factors (NTFs; e.g. BDNF, GDNF, and 

FGF-2), and their receptors Fig. 2.(2-3), (Aszmann et al., 2002; Höke et al., 2002; 

Huber et al., 1997; Terenghi, 1999). During the first phase of the WD activated SCs 

are involved in the removal of myelin and axonal debris. Over that period, they are 

the main phagocytes together with resident macrophages. But secretion of trophic 

factors, cytokines, and chemoattractants by SCs recruits additional macrophages 
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and circulating monocytes from the periphery that help to clean the cellular debris of 

fragmented nerves, as shown in Fig. 2(3). In addition to SCs, mast cells are also able 

to recruit macrophages by release of other mediators, such as serotonin and 

histamine (Gaudet et al., 2011; Osbourne, 2007; Shamash et al., 2002). When 

myelin debris is cleaned at the distal part, growth cones find their way towards the 

degenerated target guided by proliferating SCs that form guidance structures, the so 

called “Bands of Büngner”, Fig. 2(4-5) (Gaudet et al., 2011; Sebben et al., 2011). 

Furthermore, collagen and laminin produced by SCs serve as substrate for SC 

migration and the formation of basal lamina tubes, and assists axonal outgrowth. The 

regeneration rate in mammals is referred to 1-3 mm/day (Deumens et al., 2010; 

Flores et al., 2000; Trepel, 2008c). This speed is not seen for outgrowing motor 

axons of a reconstructed nerve, which have to cross the suture site. There, the axons 

in general, show decelerated regeneration also described, as “staggered outgrowth” 

with wavelike arrival at the distal nerve ends (Al-Majed et al., 2000; Gordon, 2009).  
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Fig. 2 Schematic illustration of a healthy and an injured peripheral nerve. (1) An intact axon with 
myelinating Schwann cells (SCs) surrounded by the basal lamina and nearby the resident 
macrophages. (2) Tissue damage evoked by a severe nerve trauma causes chromatolysis and 
breakdown of the myelin sheaths with cellular debris formation and the release of trophic factors. (3) 
During Wallerian degeneration (WD) SCs and macrophages accumulate within 24 hrs at the lesion 
site to clean up cellular and tissue fragments. (4) At late phases of WD activated macrophages are 
recruited from the periphery via trophic factor release and take over the phagocytosis as main 
phagocytotic cells. (5) SCs further proliferate and form Bands of Büngner to guide regrowing axons. 
Image based on Gaudet et al., 2011. 
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1.4 Neurotrophic Factors 

Neurotrophic factors (NTFs), as mentioned in part 1.3.1 play a key role in neuronal 

survival, differentiation, and axonal growth during developmental stages of the 

nervous system as well as in activating nerve regeneration processes (Belkas et al., 

2004; Lykissas et al., 2007). Several studies demonstrated that administration of 

NTFs after PNI could improve the regeneration properties across long gaps 

reconstructed by synthetic NGCs (1.5 cm in a rat model) (Aebischer et al., 1989; 

Wood et al., 2013b) as well as in delayed repair after nerve transection (Kokai et al., 

2011). Depending on their biochemical and functional characteristics, NTFs can be 

divided into specified families including neurotrophins, cytokines, fibroblast growth 

factors, transforming growth factors (TGF), and insulin-like growth factors. The best 

studied NTF, is the nerve growth factor (NGF). Isolated in 1951 by Levi-Montalcini 

and Hamburger (Levi-Montalcini and Hamburger, 1951), NGF was found to protect 

against neuronal death and support differentiation of small sensory, and sympathetic 

neurons when released from the target tissue (Kuruvilla et al., 2004; Levi-Montalcini, 

1987; Rich et al., 1987). Over the past years, more and more trophic factors have 

been discovered and characterized. However, for the current work only selected 

trophic factors have been of interest: Fibroblast growth factor-2 (FGF-2) and glial cell 

line-derived neurotrophic factor (GDNF).  
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1.4.1 Fibroblast growth factor-2 

One member of the FGF family is the fibroblast growth factor-2 (FGF-2). All FGFs are 

closely-related proteins that are widely distributed in invertebrates to vertebrates with 

various biological functions as nuclear and cytosolic molecules. Therefore, FGFs can 

be distinguished into intracrine, paracrine, and endocrine acting factors (Ornitz and 

Itoh, 2001). FGFs in general, are expressed in different organs such as e.g. lung, 

heart, and the nervous system. Among 22 different human/mouse polypeptides that 

are involved in regulating cell growth, differentiation, and proliferation of mesodermal 

and neuroectodermal tissues during developmental stages, especially FGF-2 was 

found to regulate also peripheral nerve regeneration (Grothe et al., 2008; Ornitz and 

Itoh, 2001; Zakrzewska et al., 2008). The molecular mass of vertebral FGF-2 ranges 

from 18 to 34 kDa (Faitová, 2004; Zakrzewska et al., 2008). FGF-2 in rats is 

expressed in three different isoforms by glial and neuronal cells (Grothe and Nikkhah, 

2001; Ornitz and Itoh, 2001; Woodbury and Ikezu, 2014). The low molecular weight 

isoform (FGF-218kDa) is the smallest FGF-2 isoform with 18 kDa, while the two high 

molecular weight isoforms (FGF21/23kDa) are bigger with 21 and 23 kDa. All three 

FGF-2 isoforms are splicing variants arising from the same mRNA (Claus et al., 

2003; Florkiewicz and Sommer, 1989; Giordano et al., 1992) and demonstrating 

isoform-specific functional properties (Grothe et al., 1998; Haastert et al., 2006). 

FGFs function is transmitted through their binding to high affinity tyrosine-kinase 

receptors (FGFRs 1-4) using heparin/heparan-sulfate, as an additional factor for the 

stabilization of the ligand-receptor interaction that is followed by the activation of 

downstream signaling pathways. Heparin/heparan sulfate proteoglycans appear also 

in the basal lamina so that they are likewise available for the regrowing axons (Ide, 

1996; Ornitz and Itoh, 2001; Zakrzewska et al., 2008). FGF-1-3, however, can be 

internalized into the nucleus, acting in an FGFR independent manner (Chlebova et 
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al., 2009; Ornitz and Itoh, 2001). In healthy animals, the expression levels of FGF-2 

and its main receptors (FGFR1-3) are low but after PNI an up-regulation on sensory 

and motor neurons as well as in SCs occurs within few hours (Grothe and Nikkhah, 

2001; Huber et al., 1997; Meisinger and Grothe, 1997; Ornitz and Itoh, 2001). FGF-2 

has been found to induce SC proliferation during the early phase of nerve 

regeneration (Jungnickel et al., 2004) and support SC differentiation and neuronal 

survival and axonal outgrowth (Grothe and Nikkhah, 2001; Haastert et al., 2006; 

Jungnickel et al., 2004). Former studies using FGF-2 in combination with synthetic 

NGCs revealed increased numbers of regenerated nerve cables composed of 

unmyelinated and myelinated axons and revascularization of those regenerating 

nerves (Aebischer et al., 1989; Danielsen et al., 1988). An in vivo study using 

transgenic mice over-expressing FGF-2 resulted in fast regeneration and 

myelination, when compared to wild type animals indicating FGF-2´s indispensable 

role during regeneration processes (Jungnickel et al., 2006). This beneficial effect 

was confirmed by another in vivo study using FGF-221/23kDa that resulted in similar 

fast and long distance regeneration of sensory neurons, when provided by 

genetically modified SCs (Timmer et al., 2003). Further application of bone marrow-

derived stem cells (BMSCs) has shown to increase the expression of FGF-2 within 

the sciatic nerve in a transection model and provoke SC proliferation, when cultured 

with BMSC conditioned media in vitro (Ribeiro-Resende et al., 2012). Investigating 

the different FGF-2 isoforms Haastert et al. demonstrated that FGF-221/23kDa primarily 

improve sensory nerve regeneration across long distances in a rat nerve transection 

model, while FGF-218kDa inhibits the myelination indicating different biological 

functions (Haastert et al., 2006). The latter aspect was confirmed by Allodi and 

colleagues, who found that especially FGF-218kDa promotes neurite outgrowth and 

elongation from motor neurons (Allodi et al., 2013).  
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1.4.2 Glial cell line-derived neurotrophic factor  

Another important NTF which is a representative member of the transforming growth 

factor (TGF) superfamily and became famous for maintaining dopaminergic neurons, 

is the glial cell-line derived neurotrophic factor (GDNF). GDNF is described as a 

protein with a molecular mass of about 33-45 kDa that acts like a homodimer, while 

the mature monomer is about 16 kDa. It is produced as a pro-peptide that afterwards, 

is processed and released from cells (Lin et al., 1994, 1993; Piccinini et al., 2013). In 

various studies GDNF has demonstrated trophic properties on different neuronal 

populations with motor neurons being most investigated (Allodi et al., 2012; Boyd and 

Gordon, 2003). Both, GDNF as well as its receptor kinase RET that preferentially 

interacts with one of the co-receptors GFRα-1-3 (specifically GFRα-1) are up-

regulated after injury (Höke et al., 2000). An increased mRNA level is described for 

the distal nerve segment after injury (Chen et al., 2007) with SCs as the main source 

of GDNF and its co-receptor GFRα-1 (Iwase et al., 2005). Secretion of GDNF is 

leading to SC proliferation and axonal myelination after injury (Höke et al., 2003). 

Enhanced regeneration of motor and sensory neurons has also been seen in several 

in vivo studies, when GDNF was available within nerve guidance conduits (NGCs) 

(Boyd and Gordon, 2001; Catrina et al., 2013; Fine et al., 2002). GDNF released 

from genetically modified SCs increased functional and morphological outcomes, as 

indicated by the increased number and density of regenerated nerve fibers. A 

prolonged GDNF-delivery by those engineered cells is of further benefit (Madduri and 

Gander, 2010; Ping et al., 2003; Xin et al., 2013). 
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1.5 Strategies for Nerve Repair 

Numerous hollow NGCs have been developed over the past years comprising 

different materials, but only few became FDA approved (Kehoe et al., 2012). One 

important criterion for the development of NGCs is the selection of the right material. 

Current NGCs are made out of synthetic materials (Bell and Haycock, 2012; Evans et 

al., 2002; Oh et al., 2013; Quigley et al., 2013) or natural-derived materials based on 

extracellular matrix (ECM) components (Bozkurt et al., 2012; di Summa et al., 2011; 

Madduri et al., 2010b) or their fabrication is based on other natural polymers, as e.g. 

chitosan (Ao et al., 2011; Haastert-Talini et al., 2013). To date, certified natural 

material NGCs include NeuraGen®, NeuroMatrix/Neuroflex® (made out of collagen 

type I), Avance® (decellularized allograft), Axoguard® (manufactured from porcine 

small intestinal submucosa) or RevolNerve® (made out of collagen type I-III). The 

synthetic conduits include Neurolac® (based on poly-DL-lactide-co-ε-caprolactone 

(PDLLA/CL)), Neurotube® (based on polyglycolic acid (PGA)) or Salubridge™ (a 

non-degradable polyvinyl alcohol hydrogel). The biodegradability and absorbance 

within the first years after transplantation are very important aspects that should be 

valid in general for NGCs, but depend also on the material used (Bell and Haycock, 

2012). Implantation of non-resorbable materials as e.g. silicone can induce chronic 

inflammation. Beyond that, secondary nerve compression syndromes may also result 

(Johnson and Soucacos, 2008; Merle et al., 1989). To ensure optimal long distance 

regeneration, innovative artificial NGCs should include supporting cells (e.g. SCs or 

stem cells) and NTFs enriched in a degradable porous outer scaffold, which acts as a 

bridge between the two separated nerve ends and allows nutrient exchange (Bell and 

Haycock, 2012; Bellamkonda, 2006; Chalfoun et al., 2006).  
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1.6 Chitosan 

Naturally derived materials have the advantage of exhibiting cell binding sites that 

animate cells to adhere and migrate along them (Bell and Haycock, 2012; Macaya 

and Spector, 2012). Among various components of the extracellular matrix (ECM), 

chitosan is one biomaterial that was studied in recent years as an excellent nerve 

graft material. 

Chitosan is a carbohydrate polymer, which is composed of linear structured N-acetyl-

glucosamine and N-glucosamine components and therefore resembles 

glycosaminoglycans (GAGs), the natural polysaccharides of the ECM (Chandy and 

Sharma, 1990; Gao et al., 2012; Kumar, 2000). Chitosan derives from chitin, a 

biopolymer, which is usually found in the exoskeletons of shellfish, insects, and in cell 

walls of fungi (Debono and Gordee, 1994; Kurita, 2006; Muzzarelli et al., 2005). The 

French scientist Henri Braconnot first discovered chitin in 1811 (Rauth et al., 2012). 

Deacetylated chitin was named “chitosan” by Hoppe-Seyler in the year 1894 (Paul 

and Sharma, 2008). Although the derivative “chitosan” is also found in some fungi, it 

is generally manufactured industrially by alkaline hydrolysis of the raw material 

(Fig. 3). Changing the ratio of acetyl groups from high to low degree of acetylation 

(DA) modifies the properties of chitosan. A low DA results in slow degrading 

materials, while high DA chitosan material degrades faster (Freier et al., 2005). The 

affinity of adhesive cells and their viability or the neurite outgrowth behavior is also 

dependent on the DA of the chitosan material. Freier et al., demonstrated that with 

higher DA cell adhesion and viability as well as neurite outgrowth of dissociated 

sensory DRG neurons decreased (Freier et al., 2005), indicating the adjustability of 

the material. Chitosan first became popular in the food industry as a dietary 

supplement. Over the years it demonstrated its potential in multiple biomedical 
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applications, due to its immune-enhancing, antifungal, and antimicrobial properties. 

Furthermore, chitosan is known to be non-toxic and biodegradable (Avila-Sosa et al., 

2012; Khor and Lim, 2003; Muzzarelli, 2009; Xin et al., 2013). In vitro experiments 

using chitosan membranes demonstrated chitosan to be a promising material for 

nerve repair, which allows adhesion and proliferation of SCs (Yuan et al., 2004). In 

another study performed by Haastert-Talini and colleagues, different degrees of 

acetylated chitosan hollow NGCs of different DA, were analyzed in vivo with overall 

good results for nerve regeneration. But chitosan conduits with the highest DA 

degraded too fast with breaking down to sharp fragments that could secondary harm 

the regenerated nerve cables (Gnavi et al., 2013; Haastert-Talini et al., 2013).  

 

 

 

 

 

 

 

 

 

 

Fig. 3 Chemical structure of chitin & chitosan and the deacetylation process. Chitin is a linear 
structured polysaccharide of β-(1-4)-linked N-acetyl-D-glucosamine with acetamido residues as 
functional groups. Chitosan is the derivative form of chitin composed of β-(1-4)-linked N-acetyl-D-
glucosamine and N-glucosamine units. Synthesis of chitosan is introduced by the removal of acetyl 
groups with e.g. concentrated NaOH. This process is called deacetylation. Image based on (Kumar, 
2000). 
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1.7 Regeneration-supporting cells 

1.7.1 The role of SCs 

SCs are the fundamental mediators in the regeneration process. They are 

responsible for coordinating the WD and involved in providing the setup of axonal 

regrowth to the distal target (Rodrigues et al., 2012). Several experiments, in which 

autologous SCs were included into artificial NGCs, have demonstrated their 

important contribution for axonal regeneration (Berrocal et al., 2013; Mosahebi et al., 

2001; Sinis et al., 2007). Beneficial effects have also been seen for SCs transplanted 

into the CNS, where these cells migrated into the host tissue and formed aligned 

corridors to guide regrowing axons across tissue borders (Brook et al., 1994). 

Regarding the PNS, the results obtained with transplantation of autologous cells 

illustrate that the addition of SCs into hollow NGCs is sufficient to support 

regeneration, due to an increased number of existing and active cells with higher 

levels of NTFs released and adhesion molecules expressed. In addition, the 

positioned SCs within a NGC can connect to form the Bands of Büngner to guide the 

regrowing axons (Bozkurt et al., 2009; Daly et al., 2012). Different possibilities to link 

regeneration promoting strategies with best trophic support can either be achieved by 

cell engineering using genetically modified cells (Haastert et al., 2007) or by 

nanotechnology (Ziv-Polat et al., 2012). The optimal temporal and spatial pattern of 

such delivery systems, however, needs to be clarified in detail. The fact, that NTFs 

play an eminent role in the scenario of nerve regeneration, as does the presence of 

supporting SCs, lead to the idea of applying exogenous NTFs into NGCs e.g. via 

transplanted autologous SCs or genetically modified cells over-expressing selected 

NTFs. The clinical application of exogenous NTFs displays a big challenge, due to 

their very short half-life time in vitro and in vivo, as described for free FGF-2 and NGF 

(Bikfalvi et al., 1997; Krewson et al., 1995; Lee et al., 2014; Masuoka et al., 2005). 
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But new approaches have been tried to increase the NTF stability. A possible method 

is the conjugation of NTFs to iron-oxide nanoparticles. Studies using those 

conjugated growth factors reported an enhanced growth, migration, and 

differentiation potential of nasal olfactory mucosa (NOM) cells in presence of    FGF-

2 conjugated to iron-oxide nanoparticles (Skaat et al., 2011; Ziv-Polat et al., 2012; 

Ziv-Polat et al., 2014). An alternative for the utilization of autologous cell material, 

which might be restricted especially, when high cell numbers are necessary for 

transplantation, are genetically modified cells over-expressing NTFs. Modified SCs 

over-expressing FGF-2 have already been investigated and demonstrated to improve 

long distance recovery of axotomized sciatic nerves (Haastert et al., 2006; Schmitte 

et al., 2010; Timmer et al., 2003). Another trophic factor that improved nerve 

regeneration as good, as FGF-2 by genetically modified SCs is GDNF (Madduri et 

al., 2009; Xin et al., 2013). Nevertheless, the clinical application of SCs is restricted 

by their limited availability accompanied by difficulties in ex vivo expansion. A 

possible solution to avoid the use of SCs might be to use stem cells instead. 
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1.7.2 The role of mesenchymal stromal cells 

Mesenchymal stromal cells (MSCs) are a group of multipotent stem cells that were 

first discovered within the bone marrow by Friedenstein and colleagues (Friedenstein 

et al., 1974; Kim et al., 2013). These fibroblast-like cells are further characterized by 

their expression of defined surface markers such as CD29, CD73, CD44, CD90, and 

CD105, their adherence to plastic, the ability to differentiate into several cell types of 

the mesodermal lineage, and a high self-renewal capability (Friedenstein et al., 1970; 

Kim et al., 2013; Phinney, 2002; Pittenger et al., 1999). MSCs can also be induced 

with the right stimuli into non-mesenchymal cells, such as e.g. neurons, astrocytes or 

SC-like cells (Kingham et al., 2007; Mantovani et al., 2012; Sanchez-Ramos et al., 

2000; Tong et al., 2010). In the field of cellular therapies MSCs aroused the 

researchers’ interest, due to promising findings obtained from various in vitro and in 

vivo models studying neurodegenerative diseases, such as stroke, spinal cord 

injuries (Li et al., 2005; Ribeiro-Samy et al., 2013) or PNIs (Caddick et al., 2006; 

Frattini et al., 2012; Ladak et al., 2011). Another advantage of MSCs is the 

availability of their secretome so that they could serve as living mini pumps releasing 

regeneration promoting molecules and provide a promising microenvironment for 

nerve regeneration. The secretome is described as the molecules (proteins) that are 

released by MSCs and involved in different cellular functions (Skalnikova et al., 2013; 

Meyerrose et al., 2010). In case of an injury, MSCs display a high ability of homing to 

the damaged tissue, where they suppress the immune reaction and protect against 

further damage. Simultaneously, the secretome of MSCs stimulates tissue repair and 

recruits further supporting cells (Kim et al., 2013; Salgado et al., 2010a; Salgado et 

al., 2010b). Among the broad spectrum of secreted factors, growth factors are of 

particular interest, when focusing on peripheral nerve regeneration (Carvalho et al., 

2011; Kim et al., 2013; Ren et al., 2012). 
19 

 



 Introduction  
 

1.8 Luminal fillers 

With increased numbers of hollow NGCs available on today’s market and to some 

extent still disappointing regeneration outcomes for long peripheral nerve defects, the 

focus switched from hollow NGCs to composite NGCs as a novel treatment option 

(Chen et al., 2006; Hill et al., 2011). One strategy is the addition of ECM components 

as matrix-mimetic frameworks within a conduit that can be produced in various forms, 

such as e.g. freeze-dried sponges, fibers or viscous hydrogels. It is well known that 

the structural binding sites of those ECM proteins allow cell adhesion and create a 

platform for cell proliferation and migration (Allodi et al., 2012; Gonzalez-Perez et al., 

2013; Khaing and Schmidt, 2012). The ECM is a three dimensional space that 

naturally surrounds the cells giving them stability. The main components of the ECM 

are collagen fibers, proteoglycans, and so called linker-proteins. Collagens form 

elongated fibers made of trimetric molecules that are detectable all over the 

connective tissue. Depending on their specific alignment, collagens can be divided 

into several groups I-XIII with the most available one in the body: collagen type I 

(Allodi et al., 2012; Gordon and Hahn, 2010; Khaing and Schmidt, 2012; Kohlmann 

and Röhm, 2003). Collagen as a matrix layer has been shown to be helpful for 

axonal regrowth and to improve the regeneration properties without the need of 

additives, such as promoting cells or NTFs (Bozkurt et al., 2007; Cemil et al., 2009; 

Lee et al., 2006; Toba et al., 2001). 

20 
 



 Introduction  
 

Another important ECM component is Laminin. Laminins are linker molecules formed 

by α, β, and γ chains in a coiled-coiled organization (Plantman, 2013). They are 

necessary for adhesion and migration of various cell types and were found to be 

considerable for neuronal growth already at developmental stages of the peripheral 

nervous system (Plantman, 2013). These heterotrimeric elements can assemble to 

numerous protein-isoforms that are localized in specific tissue areas. Alterations in 

the α–subunits are responsible for the huge number of existing isoforms. While 

numerous α–chains are found on endothelial, epithelial, and muscle cells, specifically 

α–2 and α–4 chains are produced by SCs. These α–2 and α–4 subunits can 

assemble with β-1 and γ-1 chains to laminin 2, laminin 8, and laminin 10, which can 

bind their specific integrin receptors (Allodi et al., 2012; Durbeej, 2010; Kohlmann 

and Röhm, 2003). Laminins are inherent parts of the SC tubes with the function to 

support neuronal growth and to ensheath and myelinate existent axons (Chen et al., 

2007). Laminin expression was found to be down-regulated after PNI, but is again 

up-regulated when SCs start to ensheath and myelinate the regrowing axons (Masaki 

et al., 2000; McKee et al., 2012). Another study by Amstrong and colleagues further 

revealed that laminin also promotes SC proliferation, which in turn improves the 

neurite outgrowth (Armstrong et al., 2007). Moreover, the lack of laminin component 

α-2, is reported to have a negative impact on axonal myelination, the integrated basal 

lamina, and leads to deficient ensheathment by SCs (Uziyel et al., 2000). Lumial 

fillers containing laminin, e.g. matrigel®, have shown to improve cell adhesion and 

nerve regeneration in rat transection models (Haastert et al., 2006; Timmer et al., 

2003).  
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Hyaluronic acid (HA) is a glycosaminoglycan that is also present in the ECM. It is 

composed of repeating disaccharides, such as glucoronic acid and N-

acetylglucosamines (Gu et al., 2011), and can be degraded trough hyaluronidase 

enzymes (Peppas et al., 2006). Because of the high water-saving capacity HA has 

found application in the cosmetic industry, as drug carriers based on its degradability, 

and has shown to exhibit valuable wound healing properties (Lin and Marra, 2012). 

Over the past years HA demonstrated also positive characteristics in peripheral 

nerve regeneration by lowering scar tissue formation with reduced numbers of 

infiltrating fibroblasts and inflammatory cells (Park et al., 2011; Wang et al., 1998; Zor 

et al., 2014). Today several hydrogels are on the market containing ECM or ECM-

related components.  

1.9 Hydrogels 

1.9.1 Gellan gum 

Gellan gum is a natural FDA–approved substrate that can be prepared in different 

chemical formulations. It’s clear and solid appearance makes it applicable for various 

tissue engineering approaches e.g. 3D cell culture models, as an injectable 

substance or as a biomaterial used for the development of tissue engineered 

conduits (Ciardelli et al., 2005; Oliveira et al., 2010a; Silva et al., 2013b; Silva-Correia 

et al., 2012). Gellan gum is an anionic and water soluble-linear structured 

heteropolysaccharide that is synthetized by shingomonas elodea bacterium strain 

ATCC 31461 (Jansson et al., 1983; O’Neill et al., 1986). It contains repeating sugar 

units of L-rhamnose, D-glucose and D-glucoronic acid (O’Neill et al., 1986; Pollock 

T.J, 1993). Gellation occurs through cations, such as e.g. Ca2+ or Mg2+ (Coutinho et 

al., 2010; Kang et al., 1982; Moritaka et al., 1995). The physical properties of Gellan 

gum hydrogel can be influenced by presence or absence of acyl-side groups. 
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Acetylated Gellan gum leads to soft and elastic gels, whereas deacetylated Gellan 

gum generates hard and non-elastic gels (Fialho et al., 1999; Gohel et al., 2009; Jay 

et al., 1998). Further modification of Gellan gum with a fibronectin-derived synthetic 

peptide revealed improved cell adhesion and proliferation behavior of neural stem 

progenitor cells especially when cultured together with olfactory ensheathing glia. 

Improved cell behavior was also demonstrated for BMSCs and the effect of their 

secretome (Silva et al., 2013b) making that hydrogel also interesting for applications 

in peripheral nerve tissue engineering. 

1.9.2 NVR-Gel 

NVR-Gel (from Neuro-Vascular Reconstruction Labs, Ness Ziona Israel, Shahar et 

al., 2001) is a hydrogel produced of cross-linked hyaluronic acid and laminin 

(Rochkind et al., 2009, 2006). Due to its natural components (also existing in the 

ECM), it could serve as a promising luminal filling material for scaffolds used in spinal 

cord injury models or for NGCs for peripheral nerve reconstruction. Previous studies 

using adult NOM neurons cultured in NVR-Gel revealed sprouted nerve fibers and 

migrating cells when analyzed in vitro and also promoted partial recovery of 

paraplegic rats following spinal cord transection in vivo (Rochkind et al., 2006). In 

terms of nerve tissue engineering approaches the properties of this hydrogel can 

further be improved by the enrichment with NTFs or the incorporation of regeneration 

promoting cells, such as glial cells or stem cells. In that context, an application 

proposal might be the use of NVR-Gel enriched NGCs with e.g. supporting SCs or 

with BMSCs (Fig. 4) for peripheral nerve regeneration. 

23 
 



 Introduction  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Scheme of a composite chitosan conduit enriched with supporting cells. Top: neoSCs 
or bottom: BMSCs embedded in a hydrogel matrix e.g. NVR-Gel. Trophic support can be achieved 
either by the addition of exogenous neurotrophic growth factors (NTFs) or by genetic modification of 
the cells. BMSCs can also be utilized for their secretome. 
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2 Aim of the study 

Recent in vitro and in vivo investigations demonstrated that artificial NGCs from 

synthetic (Bertleff et al., 2005; Shin et al., 2009) or natural-derived materials (Ao et 

al., 2011; Haastert-Talini et al., 2013) are able to improve peripheral nerve 

regeneration and allow cell adhesion, proliferation as well as neurite outgrowth in 

vitro (Freier et al., 2005; Yuan et al., 2004). Regeneration over critical gap lengths, 

however, is still a big challenge that has to be managed. So far, there are no NGCs 

that can be equated with the autologous nerve transplant. Therefore, this project is 

focusing on the in vitro evaluation of the natural-based biomaterial chitosan. Several 

studies demonstrated that chitosan is a promising biomaterial with tunable properties 

(Freier et al., 2005; Haastert-Talini et al., 2013). Tuning of the DA allows the pre-

definition of the degradation time. In the presented PhD thesis chitosan materials 

with varying DAs and shapes were analyzed in order to gain more detailed 

information about their influences on cell adhesion, cell viability, and the proliferation 

profile of cells. Therefore, a number of different cell types, such as naïve neonatal, 

adult, and immortalized SCs or genetically modified neonatal SCs or BMSCs, (as 

another cell type with regeneration promoting properties), were tested. 

Simultaneously, evaluation of different cell types helps to find out, which specific cell 

type (SCs or BMSCs) might be more efficient for the application into peripheral nerve 

graft devices. A co-culture model of both SCs and BMSCs should give more 

information about possible synergistic effects that can further increase the 

regeneration outcome or inhibitory effects that could hamper the regenerating tissue. 

To further improve innovative NGCs addition of luminal fillers is thought to increase 

the regeneration potential by mimicking the ECM. In this work viscoelastic hydrogels 

(Gellan gum and NVR-Gel) were analyzed to investigate if cells can maintain their 

metabolic activity and their proliferation behavior when encapsulated within these 
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hydrogels and if neurite outgrowth is supported. Furthermore, NTFs can further 

improve the performance of innovative NGCs. To this end, NTFs conjugated to iron-

oxide nanoparticles and genetically modified neoSCs or BMSCs over-expressing 

NTFs were evaluated. A broad spectrum of different methods from 

immunocytochemistry, to cellular and molecular techniques (WST/MTS and BrdU 

assays, SDS-gel electrophoresis and Western Blot analyses) was utilized. 

Specific questions to be answered by this thesis 

• Which specific degree of acetylation of the chitosan material is most supportive 

for the cells? 

• Does the chitosan substrate support neurite outgrowth of sensory neurons and 

sympathetic/motor neuron-like cells? 

• Is cell morphology affected when cultured on the biomaterial? 

• Which specific cell type might be more suitable for the regeneration process?  

• Do SCs and BMSCs interact or impede each other when co-cultured? 

• How efficient are specific hydrogels (GG and NVR-Gel) for cell encapsulation? 

Do they provide a good environment and support neurite outgrowth? 

• Could neurite induction be increased by incorporating np-NTFs or engineered 

cells into regenerative hydrogels? 
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3 Material & Methods 

3.1 Chemicals & Reagents 

Chemicals & Reagents Company name 
Alpha-MEM medium Gibco, Darmstadt, Germany 
Arabinoside-C  Sigma-Aldrich, Munich, Germany 
BCA protein assay reagent A&B Thermo Fisher Scientific, Schwerte, Germany 
B27 supplement Gibco, Darmstadt, Germany 
Bovine serum albumine  PAA (Fraction V), Cölbe, Germany 
Bovine pituritary extract  PromoCell, Heidelberg, Germany 
BrdU Assay Kit Roche, Mannheim/Penzberg Germany 
Collagenase IV Worthington Biochemical, Troisdorf, Germany 
Chemiluminescence detection kit Immobilon, Millipore, Schwalbach, Germany 
4´, 6-diamidin-2-phenylindol (DAPI) Sigma-Aldrich, Munich, Germany 
Destilled Water (H2O) Millipore/Merck, Schwalbach, Germany 
Dispase I Roche, Mannheim/Penzberg, Germany 
DNase Roche, (Mannheim/Penzberg) , Germany 
Dulbeccos modified Eagle Medium 

 
Gibco, Darmstadt, Germany 

DMEM/F-12 Gibco, Darmstadt, Germany 
Ethanol Mallinckrodt Baker, Griesheim, Germany 
Fetal calf serum (Gold)  PAA, Cölbe, Germany 
Fetal bovine serum Invitrogen Grand Island, USA 
Fibrobast growth factor 2 Peprotech, Hamburg, Germany 
Forskolin Calbiochem, Darmstadt, Germany 
Glial cell- derived neurotrophic factor Peprotech, Hamburg, Germany 
Glucose Sigma-Aldrich, Munich, Germany 
Hank´s w/o Magnesium & Calcium PAA, Cölbe, Germany 
Laminin Sigma-Aldrich, Munich, Germany 
L-glutamine PAA, Cölbe, Germany 
Melanocyte growth medium (MGM) PromoCell, Heidelberg, Germany 
MTS-96®AQueous-Assay Reagent Promega, Wisconsin, USA 
Mowiol mounting medium Calbiochem, Darmstadt, Germany 
N-2 supplement Gibco, Darmstadt, Germany 
Nerve growth factor Invitrogen, Darmstadt, Germany  
Normal goat serum  Gibco, Darmstadt, Germany 
Paraformaldehyde  Sigma-Aldrich, Munich, Germany 
Phosphate buffered saline  Biochrom, Berlin, Germany 
Penicillin-streptomycin PAA, Cölbe, Germany 
Poly-L-lysine  Sigma-Aldrich, Munich, Germany 
Poly-D-lysine Sigma-Aldrich, Missouri, USA 
Poly-L-ornithin Sigma-Aldrich; Munich, Germany 
RPMI 1640 medium Gibco, Darmstadt, Germany 
Saline 0.9% Braun®, Melsungen, Germany 
SDS Roth AG, Karlsruhe, Germany 
Shandon Immo Mount Thermo F. Scientific, Massachusetts, USA 
Sodium pyruvate PAA, Cölbe, Germany 
Triton-X-100 Roche, Mannheim/Penzberg, Germany 
Trypan blue dye Sigma-Aldrich, Munich, Germany 
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Trypsin-EDTA Gibco, Darmstadt, Germany 
Trypsin (0.25%) Gibco, Darmstadt, Germany 
Tween Roth AG, Karlsruhe, Germany 
WST-1 cell proliferation reagent Roche, Mannheim/Penzberg, Germany 

 

3.2 Material & Equipment 

Materials  Company name 
96-well plate Nunc™ Thermo Fisher Scientific, Schwerte,Germany 
24-well plate Nunc™ Thermo Fisher Scientific, Schwerte,Germany 
6-well plate Nunc™ Thermo Fisher Scientific, Schwerte,Germany 
Cell crowns (24-well-plate) Scaffdex Oy, Tampere, Finnland 
Chitosan membrane (2x2cm) DAI-III Medovent, Germany & Altakitin S.A,Portugal 
Chitosan hollow tubes DAII Medovent, Germany & Altakitin S.A,Portugal 
Culture flask  NUNC™ Thermo Fisher Scientific, Schwerte,Germany 
Dumont forceps ♯ 5 Fine Science Tools, Heidelberg, Germany  
Dumont forceps ♯ 55 Fine Science Tools, Heidelberg, Germany 
Anatomical forceps Fine Science Tools, Heidelberg, Germany  
BD Falcon ™ 15 ml BD Bioscience, Heidelberg, Germany 
Glass coverslips Fine Science Tools, Heidelberg, Germany  
Nitrocellulose membrane Hybond ECL, Amersham 
Vannas style micro scissors Fine Science Tools, Heidelberg, Germany 
fine scissors Fine Science Tools, Heidelberg, Germany  
Microtubes 1.5-2ml Sarstedt, Nümbrecht, Germany 
Nitrocellulose membrane Hybond ECL Amersham, Freiburg, Germany 
Feather ® disposable scalpel (Nr.21) Fisher Scientific, Schwerte, Germany 
Mini-MACS magnet Miltenyi Biotech, Berg. Gladbach, Germany 
MACS colums (size M) Miltenyi Biotech, Berg. Gladbach, Germany 
Dynabeads® Pan mouse IgG Dynal Biotec ASA, Oslo Norway 
Equipment Company name 
AMAXA device II LONZA, Cologne, Germany 
Chemiluminescence imager system Intas Science Imaging, Göttingen Germany  
Cell P software Olympus, Hamburg Germany  
Centrifuge (Varifuge 3.OR) Heraeus Varifuge 3.OR, Hanau, Germany 
Prism Software Version 5 & 6 Graph Pad Inc, La Jolla, California, USA 
Electrophoresis & Blot system BioRad, Munich, Germany 
ELISA reader Model 680 BioRad, California, USA 
Fluorescence microscope BX 60/61, 

 
Olympus, Hamburg, Germany 

Image J software Wayne Rasband, NIH, Maryland, USA 
Seepvac system Con1000 LTF Labortechnik, Wasserburg, Germany 
Photoshop software Adobe Systems, California, USA 
Confocal microscope Fluoview 1000, Olympus, Lisboa, Portugal 
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3.3 Composition of culture media and coatings 

Neonatal Schwann cell culture medium 
Medium composition Concentration 
DMEM high Glucose - 

Forskolin 2 µM 
Pen/Streptomycin 1 % 

L-Glutamine 2 mM 
Sodium pyruvate 1 mM 

FCS 10 % 
 

Adult Schwann cell culture medium 
Medium composition Concentration 

MGM (Melanocyte growth medium) - 
Forskolin 2 µM 

Pen/Streptomycin 1 % 
FGF-2 10 ng/ml 
BPE-26 5 mg/ml 

 

Immortalized Schwann cell culture medium 
Medium composition Concentration 
DMEM high Glucose - 

Pen/streptomycin 1 % 
L-glutamine 2 µM 

Sodium pyruvate 1 µM 
FCS 10 % 

 

BMSC culture medium 
Medium composition Concentration 

Alpha-MEM - 
Pen/streptomycin 1 % 

FBS or FCS 10 % 
 

Proliferation medium for PC-12 cell culture 
Medium composition Concentration 
DMEM high Glucose 82 % 

Horse serum 10 % 
Pen/streptomycin 100 U/ml 

L-glutamine 4 µM 
Sodium pyruvate 1 µm 

FCS 5 % 
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Differentiation medium for PC-12 cell culture 

Medium composition Concentration 
DMEM high Glucose 96 % 

Horse serum 1 % 
Pen/streptomycin 100 U/ml 

L-glutamine 4 µM 
Sodium pyruvate 1 µM 

FCS 1 % 
 

Neuron medium (N2) for dissociated DRGs 
Medium composition Concentration 

DMEM F/12  
N2 supplement 1 x 

Pen/streptomycin 1 % 
L-glutamine 2 mM 

Sodium pyruvate 1 mM 
BSA (25%) 0.25 % 

 

Neuron medium for DRG explants 
Medium composition Concentration 
Neurobasal medium  
B27 supplement 50x 1 x 

Pen/streptomycin 1 % 
L-glutamine 2 mM 

D (+) Glucose 6 mg/ml 
 

Dissociation solution for rat sciatic nerves 
Medium composition Concentration 
DMEM high Glucose  

Pen/strep 0.4 % 
Dispase I 1.25 U/ml 

Collagenase IV 0.05 % 
FCS 4 % 

 

Dissociation solution for Dorsal Root Ganglia (DRGs) 
Medium composition Concentration 

Hank`s medium  
Trypsin 0.125 % 
DNase 0.05-0.1 % 

Collagenase IV 0.0075 % 
 

Concentration of used coatings 
Poly-ornithin 0.1 mg/ml prepared 1:10 in A.dest 

Laminin 6 µg/ml 
Poly-l-lysine 0,5 mg/ml 
Poly-d-lysine 76.2 µg/ml 
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Hydrogels 

Gellan gum 0.75% 
NVR-Gel 0.5% 

 

3.4 Transfection Tools 

Nucleofection with the AMAXA device II 
Programme A33 BMSCs 
Programme T20 neoSCs 
Programme U29 PC-12 cells 
Transfection Kit - 
Basic Glial Cell Kit (LONZA) neoSC 
Human MSC Kit (LONZA) BMSCs 
Cell line Kit (LONZA) PC-12 cells 
Plasmids  
pCAGGS-empty (R399) Empty vector plasmid (control) 
pCAGGS- EGFP-FLAG (R412) Enhanced Green Fluorescent Protein 
pCAGGS-FGF-2-18kDa-FLAG (R417) Fibroblast growth factor-2 (18kDa) 
pCAGGS-GDNF-FLAG (R415) Glial cell line-derived neurotrophic factor 

 

3.5 Antibody List 

Antibody List 
Primary antibody Dilution Company Name 
α-S100 (polyclonal) 1:200/1000 DAKO, Denmark (Z0311) 
α-β-III-tubulin (monoclonal) 1:500 Millipore, Germany (05-559) 
Secondary antibody and 
fluorescence dyes 

 

  

Alexa 488-labelled goat α-rabbit  1:400/500 Invitrogen, Germany (814817) 
Cy-2-labelled goat α-rabbit 1:400/500 Jackson/Dianova, Germany 
Cy-3-goat anti-mouse 1:400/500 Jackson/Dianova, Germany 
Alexa-647 goat α-mouse 1:400 Invitrogen, Germany (743634) 
Fluorescent dye  - 
Phalloidin-Tritc 1:500 Sigma-Aldrich USA/Germany 
DAPI 1:1000 Sigma-Aldrich, Germany 
Primary antibody for WB  - 
α-FGF-2 1:1000 Millipore, Germany (05-118) 
α-GDNF 1:200 Santa Cruz, Germany (sc-328) 
α-FLAG-M2-mouse IgG1 1:3000 Sigma-Aldrich,Germany (F1804) 

Secondary antibody for WB  - 
α-mouse HRP (ECL) 1:4000 Amersham, Germany 
α-rabbit HRP (ECL) 1:4000 Amersham, Germany 
Antibodies for SC-purification  - 
α-Thy-1 undiluted from own Hybridoma cells line 
α-p75LNGFR 1:500 Millipore, Germany (1554), 
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3.6 Methods 

Figure 5 summarizes the experimental design of in vitro performed analyses of 

chitosan-based biomaterials in presence of various cell types  

 

Figure 5 Scheme of performed in vitro experiments: Different chitosan materials were analyzed 
using various cell types (neonatal Schwann cells (SCs), adult SCs, bone-marrow derived 
mesenchymal stromal cells (BMSCs), and PC-12 cells) with regard to cell metabolic activity and 
proliferation profile. Furthermore, the interaction of cells in co-culture as well as the efficiency of 
genetically modified cells for the use in peripheral nerve graft devices was evaluated. 

 

3.6.1 Tissue origin for cell isolation 

Breeding pairs were supplied by Janvier (France) for Hannover Wistar rats or by 

Charles River (Sulfeld, Germany) for Spraque Dawley rats. In general, 2-4 animals 

were housed in cages with a metal lid in temperature and humidity-controlled rooms. 

The day and night schedule was regulated to 14 hrs lightness and 10 hrs darkness. 

Food and water was available ad libitum. Animals were kept according to the 

German Animal Protection Act approved by the local authorities (Bezirksregierung 

LAVES Hannover, Germany; 33.12-42502-04-12/0816). 
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3.6.2 Cell culture 

3.6.2.1 Neonatal rat Schwann cells 

Neonatal Schwann cells (neoSCs) were harvested from Hannover Wistar or Spraque 

Dawley rat pups (P1-P3). Enzymatic digestion of isolated sciatic nerves was 

performed according to (Haastert et al., 2007) with small modifications (see Tab. 3.3) 

and stopped after 50 min with cell culture medium. The cell suspension was 

centrifuged for 5 min at 235 xg. Afterwards, cells were placed into a poly-L-lysine 

(PLL)-coated culture flask and incubated for 24 hrs in neonatal SC culture medium 

without forskolin (see.3.3). On the next day half of the medium was replaced by fresh 

medium. 1 mM of arabinoside-C was added for two days to suppress overgrowth by 

fibroblasts. Cells were then purified via immunopanning (Haastert et al., 2009) by 

magnetic Dynabeads® coupled to anti-Thy-1 antibodies (own production from 

hybridoma cell line, see 3.5) and seeded into a new PLL-coated culture flask. The 

purification procedure was repeated once or twice until >90 % pure neo SCs cultures 

were reached (Wrobel et al., 2014). 

3.6.2.2 Adult rat Schwann cells 

Adult SCs (aSCs) were harvested from sciatic nerves of adult female Hannover 

Wistar rats (200 g, 8-16 weeks). In vitro pre-degeneration was performed for 14 days 

according to a protocol described previously (Haastert et al., 2007). Afterwards, 

primary cells were cultured in adult SC culture medium (see.3.3). After 1 week, highly 

enriched aSC were obtained by using the magnetic assisted cell sorting system 

MACS® (see.3.2) following the manufacturer’s protocol. Briefly, the unpurified cultures 

where detached, washed and the pellet diluted in 998 µl MACS® buffer prior to 

incubation with 2 µl low affinity nerve growth factor-receptor antibody (see 3.5) for 

15 min at 4°C. After 2 washing steps, 40 µl of microbeads-conjugated anti-rabbit IgG 

33 
 



 Materials & Methods  
 

(see.3.5) were mixed with cell suspension in MACS® buffer and incubated for further 

15 min at 4°C. After the incubation period, the cell suspension was flushed through 

the prepared MACS® columns in the mini MACS® magnet and the unbound 

fibroblasts were washed out. After removal from the magnet, bound aSCs were 

flushed with 2 ml MACS® buffer. Highly purified aSCs were then seeded into poly-L-

ornithin-laminin (P-ORN-laminin (Haastert et al., 2007), see 3.3)) coated culture flasks 

(Wrobel et al., 2014). 

3.6.2.3 Immortalized Schwann cells 

Immortalized rat SCs (iSCs) (Grothe et al., 1998) were cultured in cell-specific culture 

medium (see.3.3) in non-coated culture flasks as described in (Wrobel et al., 2014).  

3.6.2.4 Rat bone marrow-derived mesenchymal stromal cells  

Isolation and culturing of rat bone marrow-derived mesenchymal stromal cells 

(BMSCs) from the femur bone marrow were performed as described before (Salgado 

et al., 2004). Isolated cells were cultured in sterile culture flasks in alpha MEM 

medium supplemented with 15 % FBS or FCS and 1 % Pen/strep until confluence 

was reached. Cells at passages 2-10 were detached, seeded either on top of chitosan 

films and cultured with alpha MEM medium with 10 % FBS (or FCS) and 1 % 

Pen/strep (Wrobel et al., 2014) or used for other experiments that are described in 

this work.  

3.6.2.5 PC-12 cell line 

PC-12 cells (Grothe et al., 1998) were cultured as previously described. In brief, PC-

12 cells were grown in proliferation medium (see 3.3). For neuronal differentiation 

experiments the medium was changed to differentiation medium (see 3.3). 
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3.6.3 Cell seeding on chitosan films 

Neonatal (passage 6-8) and immortalized rat SCs were seeded into 24-well plates 

with a density of 1 x104 cells/well (iSCs) or 3.5 x104 cells/well (neoSCs) on PLL-

coated wells or non-coated chitosan films of low DA I (~1 %), medium DA II (~2 %) or 

high DA III (~5 %) clamped into cell crowns™ in a volume of 400 µl of cell specific 

culture medium. After 1 hr of incubation, more medium was added to a total volume of 

900 µl/ well. The medium was changed twice a week and cells cultivated over 5 days 

in vitro (DIV5) for iSCs, and DIV 7 for neoSCs. Rat aSCs (passage 3-6) and rat 

BMSCs (passage 4-6) were seeded on P-ORN coated coverslips into 24-well plates 

with a density of either 3.5 x104 cells/well (aSCs) or 2 x104 cells/well (BMSCs, poly-D-

lysine coating or on non-coated chitosan films clamped) into cell crowns™ in a 

volume of 75 µl of cell specific culture medium. After 1 hr of incubation, more medium 

was added to a total volume of 800 µl/ well. Medium was changed twice a week and 

cells cultivated until DIV 7 (Wrobel et al., 2014). The different culture volumes were 

used with regard to the best experiences made for cell seeding of each cell type. 

3.6.4 Metabolic activity evaluation of cell seeded chitosan films by WST-1 and 
MTS assays 

WST-1 test or MTS assay was chosen to evaluate metabolic activity of different cell 

types seeded on chitosan films. The respective assay was chosen with regard to the 

best experiences from previous studies with either test for the cell types to be 

analyzed.  

For the iSCs and neoSCs experiments cell metabolic activity was compared in the 

WST-1 test. WST-1 (4-[3-(4-Iodophenyl)-2(4-nitrophenyl)-2H-tetrazolio]-1, 3-benzene 

disulfonate is reduced by dehydrogenase enzymes to a dark orange-reddish 

compound in cells with metabolic activity, and is particular suitable for the cell types 
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used. After cultivation periods of DIV 1, DIV 3, and DIV 5 for iSCs or DIV 3, DIV 5 and 

DIV 7 for neoSCs, cell crowns were transferred to new wells of the same plate and 

cell specific culture medium containing the WST-1 compound was added (1:10, 

400 µl/controls and 900 µl/cell crown). Cells were incubated for ~3.5 hrs at 37°C in 

humidified atmosphere with 8 % (v/v) CO2. Afterwards, triplicates of 100 µl from each 

sample were transferred to 96-well plates and the optical density (OD) was measured 

at 450 nm using a multi-well plate reader. The test was performed in n=3 experiments 

with each two sister cultures/ condition. 

For aSCs and BMSCs, cell metabolic activity was compared in the MTS test. The 

MTS compound [3- (4, 5 dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl) -2 (4 

sulfophenyl) 2H-tetrazolium inner salt is reduced by dehydrogenase enzymes to a 

brownish formazan product in cells with metabolic activity. After DIV 2 and DIV 7, 

coverslips and cell crowns were transferred to new wells of the same plate and 

serum-free culture medium (aSCs) or DMEM (BMSCs) containing the MTS compound 

was added (5:1, 350 µl/controls and 850 µl/cell crown). Cells were incubated for 

~3 hrs at 37°C in humidified atmosphere with 5 % (v/v) CO2. Afterwards, triplicates of 

100 µl from each sample were taken to 96-well plates and the optical density (OD) 

was measured at 490 nm using a multi-well plate reader (see.3.2). This test was 

performed in n=3 experiments with each three sister cultures/ condition (Wrobel et al., 

2014). 
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3.6.5 Cell proliferation on chitosan films 

The cell proliferation rate of aSCs and BMSCs was determined with the BrdU 

colorimetric assay, which is based on the detection of BrdU (thymidine analogue) 

incorporation into genomic DNA of proliferating cells by binding of anti-BrdU (α-BrdU) 

antibody. The procedure was assessed according to the manufacturer protocol. 

Therefore, at DIV 2 and DIV 7 cell seeded coverslips and chitosan films in cell 

crowns™ were incubated for 24 hrs with 10 µM BrdU diluted in cell specific culture 

medium (see 3.3). Afterwards, the cells were fixed in denaturation solution (FixDenat) 

and then incubated for ~1.5 hrs in a solution containing α-BrdU-perixodase (BrdU-

POD). After washing (3x in washing buffer) and 15 min incubation with substrate 

solution (TMB), triplicates of 100 µl of each condition were transferred to 96-well-

plates and the OD was measured in an ELISA plate reader (see 3.2) at 405/490 nm. 

Cell proliferation was determined in n=3 experiments with each three sister 

cultures/condition (Wrobel et al., 2014). 

3.6.6 Co-culture experiments of adult rat Schwann cells with rat bone marrow-
derived mesenchymal stromal cells on chitosan films 

To evaluate stimulatory or inhibitory effects on the growing characteristics and the 

proliferation behavior in mixed cultures of aSCs (1.75x 104cells/ well) and BMSCs 

(1x 104 cells/ well), both cell types were seeded on the same chitosan films or poly-D-

lysine coated glass coverslips. Cells were grown in aSC-medium over DIV 2 and 

DIV 7 in n=3 experiments with each three sister cultures/ condition (Wrobel et al., 

2014). 
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3.6.7 Preparation and cultivation of primary dissociated rat dorsal root ganglia 

In general, dorsal root ganglia (DRGs) were dissected from neonatal Hannover Wistar 

rats (P1-P3) and collected in HBSS medium (see 3.3). After isolation DRGs were 

incubated in dissociation solution for 20 min at 37°C. Then collagenase IV was added 

for another 25 min. Digestion of DRGs was stopped by adding N2 medium with 

3% FCS. DRGs were then mechanically dissociated to a homogenous suspension 

using a fire polished glass Pasteur pipette (Wrobel et al., 2014). 

3.6.8 Neurite outgrowth on chitosan films 

For performing the neurite outgrowth assay on chitosan films, 10x 104 DRG cells were 

seeded on top of P-ORN-laminin coated coverslips (control condition) or plain or cell-

seeded chitosan films, respectively. After 24 hrs control condition cultures were 

divided into non-treated and 50 ng/ml free recombinant nerve growth factor (NGF) 

(see.3.1) supplemented sister-cultures. All other cultures were kept without NGF 

supplement. Cells were grown over DIV 2 and DIV 7 in sister cultures (Wrobel et al., 

2014). 
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3.7 Immuncytochemistry and Phalloidin/DAPI staining 

In order to evaluate cell morphology, imunocytochemistry was performed. Therefore, 

coverslips, chitosan films or culture plates were gently washed with PBS and fixed for 

30 min with 4 % paraformaldehyde (PFA) (or 6 % when    NVR-Gel/Gellan gum was 

used). In general, aSCs were incubated overnight (4°C) with Schwann cell specific α-

S100 antibody (see 3.5) in PBS/ 0.3 % Triton-X-100/ 5 % BSA solution. After 

washing with PBS, an incubation with Cy2 or Alexa 488-labelled goat α-rabbit 

secondary (see3.5) antibody for ~1.5 hrs at room temperature (RT) followed.  

To identify BMSCs, their actin filaments were stained for 30 min with Phalloidin-Tritc 

fluorescence stain (see 3.5).  

To distinguish between the cell populations in co-culture experiments, cells were 

fixed and stained by Phalloidin/DAPI for 30 min and then incubated overnight with the 

α-S100 antibodies, followed by their detection with Cy2-labelled goat α-rabbit 

secondary antibody. Microscopical analyses were carried out under the fluorescence 

microscope (see 3.2). For quantification, six images per condition were captured at 

20 x magnification using Cell P and Image J software. 

For detection of neurite outgrowth, dissociated DRG cultures on coated coverslips, 

chitosan films or DRG drop cultures were washed and fixed as described above for 

aSCs. Blocking of unspecific antibody binding was induced by incubation with 

PBS/0.3 Triton-X-100/ 3 % normal goat serum (NGS) solution for 1 hr at RT. The 

samples were incubated overnight (4°C) with neuron specific α-β-III-tubulin antibody 

(see 3.5) in PBS/0.3 %Triton-X-100/ 1 % NGS. After washing with PBS, incubation 

with Alexa 488,555 or 647-labelled goat α-mouse secondary antibody for ~1.5 hrs 

(RT) followed.  
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Cell nuclei were counterstained with DAPI. After final washing, coverslips and 

chitosan films were mounted using Mowiol or Shandon Immu Mount and 

coverslipped (Wrobel et al., 2014).  

For monitoring SC purity, sample sister cultures were stained for α-S100. The 

transfection efficiency in genetically modified cell cultures was detected via the 

marker α-Flag (see.3.5). In brief, cells were fixed as previously described and stained 

with the α-Flag antibody overnight. On the next day, an incubation with the secondary 

antibody Alexa 555 followed. Afterwards cells could be monitored and evaluated. 

3.8 Non-viral transfection for the establishment of genetically modified 
cells 

NeoSCs, BMSCS, and PC-12 cells were genetically modified using the AMAXA 

nucleofection technique (see.3.2). The non-viral plasmids were derived from the 

pCAGGS-empty vector (Niwa et al., 1991) and constructed by Dr. Andreas Ratzka 

(MHH, Institute of Neuroanatomy). The plasmids encoding for enhanced green 

fluorescent protein (EGFP, pCAGGS-EGFP-Flag) and low molecular weight FGF-2 

(pCAGGS-FGF-2-18kDa-Flag, NCBI GenBank accession NM_019305.2, 533-994 

bp) have been previously described (Ratzka et al., 2011). The pCAGGS-GDNF-Flag 

plasmid was constructed by PCR based cloning of the rat GDNF coding sequence 

(NCBI GenBank accession NM_019139.1, 50-682 bp) using primers introducing Mfel 

and Xbal cloning sites and removing the stop codon. The in frame cloned c-terminal 

3 xFlag tag of the pCAGGS-Flag vector backbone enabled convenient detection of all 

three proteins (EGFP-Flag, FGF-2-Flag and GDNF-Flag, see 3.4) with the same 

antibody (anti-Flag see.3.5) and empty vector control (pCAGGS-empty vector control 

(R399)) as well as the plasmid for green fluorescent protein (EGFP; pCAGGS-EGFP-
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Flag (R412)) were applied, as previously described (Niwa et al., 1991; Ratzka et al., 

2012, 2011).  

For transfection, cells were collected, washed and a defined cell number (trypan blue 

negative cells 2-2.5 x106 cells) was suspended in 90 µl basic transfection solution 

(cell type specific kit see 3.4) and mixed with 5 µg of the respective plasmid DNA. 

Nucleofection was performed in AMAXA specific cuvettes using the program T-20 

(neoSCs), A-33 (BMSCs) or U29 (PC-12 cells). The reaction was stopped by adding 

900 µl RPMI medium supplemented with 10 % FCS and transferred to new 15 ml 

culture tubes. After centrifugation (5 min, 235 xg) cell pellets were prepared for their 

use with N2 culture medium or 0.5 % NVR-Gel containing N2 medium (1:2). 

3.8.1 SDS gel electrophoresis and Western Blot analyses 

Protein samples from neo SCs (passage 5-9) and BMSCs (passage 2-5) were 

collected 24 hrs after transfection and stored until utilization as cell pellets at -80°C. 

For Western Blotting the samples were prepared in lysis buffer (1 % SDS) followed by 

protein denaturation at 95°C for 5 min and sonification for 15 min. Cell culture 

supernatants (300 µl) were collected 24 hrs, 72 hrs, 120 hrs after genetic modification 

and concentrated using the speedvac system (see 3.2). For each sample a calculated 

protein concentration of 50 µg was prepared in Laemmli buffer (1970). As controls for 

the protein detection, 2 µl recombinant GDNF and 50 µg FGF-218kDa produced by PC-

12 cells were used. Following sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (15 % gels), the separated proteins were transferred to a 

nitrocellulose membrane by electrophoresis comparable to the description from 

Ratzka et al., (Ratzka et al., 2012). Immunodetection of FGF-2, GDNF from regular 

cell lysates or detection of the Flag-taq from extractions of NVR-Gel containing 

chitosan conduits was performed in the ECL-system (see 3.2) using the monoclonal 
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anti-FGF-2 antibody, the polyclonal anti-GDNF antibody or the anti-Flag antibody 

followed by incubation with the secondary horse reddish peroxidase (HRP)-coupled 

antibody (see 3.5). Protein signals were visualized with the HRP-chemiluminescence 

detection kit (see 3.1). 

3.8.2 Preparation of unmodified and peptide modified Gellan gum 

Gellan gum (GG) and peptide modified GG was produced as previously described by 

Silva et al. 2012 (Silva et al., 2012). In brief, GG was substituted via chemical 

reactions with furan and afterwards lyophilized to obtain a powder. In a next step, 

maleimide was used as a liker molecule for fibronectin-derived peptide (GRGDS) that 

helps to attach proteins to surface structures. Thereby maleimide binds to the 

aminogroup of the last peptide by a solid phase synthesis. Anchorage of maleimide-

linked GRGDS to furan modified GG was achieved by a technique called Diels-Alder 

click chemistry. This method allows step by step binding of the maleimic functional 

groups with the furan group of the GG in a reactant solution. Synthesis of GG was 

carried out by Nuno Silva at Life and Health Sciences Research Institute (ICVS) at 

Universidade do Minho, Portugal. 

3.8.3 Encapsulation of DRG explants in unmodified & modified Gellan gum 

DRG explants were obtained from neonatal rats similar to the description in 3.6.7. The 

explants were gently dissociated (20 min trypsin and 5 min collagenase IV) to loosen 

the capsule structure. Afterwards DRG explants were bisected. Unmodified and 

modified GGs were separately prepared as 0.75 % gels and afterwards, mixed in a 

ratio 1:2 as heated gels using Ca2+ -containing 10 x PBS (0.5% final) for gelation. 

Then, DRG explants were seeded on top of a 100 µl unmodified and peptide modified 

GG gel layers placed on P-ORN-laminin (see 3.3) coated glas coverslips in 24-well 

plates and incubated for 30 min before neuron medium for DRGs explants (see 3.3) 
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was added. Explants were incubated till DIV 6. After this, preparations were fixed with 

6 % PFA and stained for Phalloidin and DAPI. Microscopic analyses were performed 

using confocal microscopy (see 3.2).  

3.8.4 Preparation of NVR-Gel for cell culture and neurite outgrowth assays 

NVR-Gel (NVR™) served as gel layer for cell seeding of neoSCs, BMSCs, PC-12 

cells, and drops of sensory dissociated DRGs as described in Morano, Wrobel et al., 

2014. In brief, NVR-Gel comprises ECM components such as hyaluronic acid and 

laminin. The 1 % gel was prepared for cell culture experiments by mixing it 1:2 either 

with PC 12 differentiation medium or with N2 medium (see 3.3) to a final 

concentration of 0.5 %. Then, cells were mixed within 1 ml NVR-Gel and plated into a 

24-well culture plate the day before dissociated DRGs were placed on top of the gel 

layer. For experiments using free recombinant or iron-oxide conjugated NTFs in 

combination with PC-12 cells, the prepared gel was supplemented each with 50 ng/ml 

NGF or FGF-218kDa , respectively (see 3.1). Unmodified NVR-Gel mixed only with N2 

medium was used as control (CTR). That specific test was performed and analyzed 

by Michela Morano (PhD student from the Department of Clinical and Biological 

Sciences of the Universita degli studi di Torino, Italy). 
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3.8.5 Neuronal differentiation assay with PC-12 cell line 

The efficacy of neurite induction of genetically modified neoSCs (passage 4, 6 and 7) 

and BMSCs (passage 6, 7 and 8) over-expressing FGF-218kDa or GDNF was 

compared to that of non-transfected cells in a co-culture assay with EGFP-

transfected PC-12 cells (passage 6-8). Transfection was carried out as described in 

3.8. For the co-culture 30 x104 EGFP-PC-12 cells were mixed with 40 x104 neoSCs 

or BMSCs transfected or non-transfected prepared in their cell specific culture 

medium. All cells were then mixed in a volume of 1 ml in 0.5% NVR-Gel (1:2 in 

differentiation medium) and plated into a 24-well plate. After DIV 5 of cultivation, cells 

were fixed with 6% PFA and microscopically analyzed for neurite outgrowth using 

Cell P and graph pad software (see 3.2).  

3.8.6 Neurite outgrowth assay with dissociated DRGs 

The efficacy to induce neurite outgrowth by genetically modified neoSCs (passage 5, 

9 and 15) and BMSCs (passage 9, 9 and 10) was further analyzed in a co-culture 

assay using dissociated DRGs (P1-3 old pups). Therefore, neoSCs or BMSCs were 

transfected to over-express FGF-218kDa or GDNF as described in 3.8 or remained 

non-transfected. A defined cell number of 40 x104 control or transfected cells was 

mixed with 1 ml 0.5% NVR-Gel (1:2 with N2 medium) and placed into a 24-well plate. 

After 24 hrs fresh dissociated DRGs were prepared as described in 3.6.7 and a 

number of 2.5 x103 DRG cells were placed as a drop in the middle of the gel layer. 

After additional 24 hrs of cultivation, the mixed-cultures were fixed with 6% PFA and 

stained as described in section 3.7. Neurite morphology was monitored and for every 

experimental setting 8 single pictures in 4 x magnification were taken and analyzed in 

a merged picture with Image J software. 
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3.9 In vitro evaluation of nucleofected cells within chitosan conduits 

For in vitro analyses of cell metabolic activity, neoSCs and BMSCs were genetically 

modified as described in 3.8 and seeded into NVR-Gel containing chitosan conduits. 

For metabolic activity measurements, a WST-1 assay was performed similar to the 

description in 3.6.4 using neoSC-FGF-218kDa, neoSC-GDNF and control nT-neoSCs 

or nT or transfected BMSCs, respectively. Therefore, cells from cell-seeded chitosan 

conduits were flushed out after 24 hrs using N2 medium supplemented with 3 % FCS 

and placed into non-coated (BMSCs) or PLL-coated wells (neoScs) of a 24 well 

plate. After 1.5 hrs in which cell adhesion was allowed to occur, the medium was 

removed and substituted by the WST-1 solution mixed with N2 medium. A volume of 

350 µl was added to each well. After 3.5 hrs of incubation the reduced solution was 

transferred in triplicates into a 96 well plate and measured at 450 nm.  

For in vitro evaluation of cell morphology and cell distribution within chitosan conduits 

neoSCs and BMSCs were genetically modified as described in section 3.8 to express 

EGFP. The engineered cells were then seeded into the conduits and monitored for 

up to nine days (DIV 1, 5 and 9). 

3.9.1 Preparation of nucleofected neonatal SCs for transplantation of cell-
enriched chitosan conduits 

Three days prior to transplantation 2.5x 106 neoSCs (passage 8-10) were genetically 

modified using the nucleofection technique as described in 3.8. Afterwards, cells 

were cultured for 24 hrs on PLL-coated 6 well-plates with neoSC specific culture 

medium to recover from transfection (pCAGGS-FGF-218-Flag, pCAGGS-GDNF-Flag 

and pCAGGS-emtpy vector). On the same day, the medium of non-transfected 

neoSCs cultures was replaced to serum free-N2 medium. On the next day, the 

medium from transfected cells was replaced to serum free N2-medium as performed 
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for non-transfected cells. Simultaneously, non-transfected neoSCs (passage 8-9) 

were prepared for filling the chitosan conduits with 1x 106 cells. The cell pellet was 

mixed with 0.5% NVR-Gel (110 µl first set and 130 µl 2nd set) to fill the conduit for 

transplantation. All conduits were additionally covered with 1 ml 0.5 % NVR-Gel to 

avoid drying of the tubes and incubated overnight at 37°C in humidified atmosphere 

with 5 % (v/v) CO2. On the following day, conduits containing non-transfected cells in 

NVR-Gel were used for transplantation. The procedures were repeated, in order to fill 

conduits with 1x 106 genetically modified cells and to provide those for 

transplantation. Cell culture samples from each experimental group with 50x 104 cells 

were seeded into 24-well plates for analyses of purity and transfection efficiency as 

described above. 

3.10 Statistical evaluation 

Statistical evaluation was performed using Graph pad software version 5 and 6. 

Differences between groups or multiple conditions were calculated with mean±SEM 

or mean±SD using either the one-way ANOVA or the two-way ANOVA followed by 

Bonferroni posttests. Values of p<0.05 were indicated as statistical significant. 
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4 Results 

The suitability of innovative chitosan-based materials (films and conduits) for 

peripheral nerve tissue engineering was evaluated in vitro. Therefore, various SC-

types and BSMCs, another cell type with regenerative properties, were applied for 

testing. Of interest was not only cell viability and proliferation profiles of the cells 

named above but also the potential of chitosan to support neurite outgrowth from 

sensory neurons. Furthermore, luminal fillers and different combinations of NTF 

incorporation were tested to find the most promising formula for the development of a 

sufficient composite NGC. 

4.1 In vitro evaluation of chitosan films with different degree of 
acetylation 

A possible alternative to regular tubular NGCs are membranes/films that can be 

rolled into tubular devices demonstrating a novel idea for the development of NGCs. 

Here, chitosan films with varying DA were analyzed to find a potential candidate for 

the application in peripheral nerve reconstruction. 

In order to evaluate the cytocompatibility of chitosan films produced with varying DA 

(I-III) see 3.6.3, iSCs (1x 104 cells/well) and neoSCs (3.5x 104 cells/wells) were 

seeded on those films and cultured until DIV 5 or 7, respectively. Cell metabolic 

activity increased over time independent of the DA of the chitosan films. The 

metabolic activity of the cells was measured in the WST-1 assay on different culture 

days (Fig. 6). Both cell types demonstrated an increased metabolic activity on all 

chitosan films DA I-III. While neoSCs consistently increased their metabolic activity 

on chitosan films DA III (Fig. 6A), iSCs showed the contrary a slightly reduced activity 

(Fig. 6B) on DA III. The values obtained with iSCs were obviously higher than the 

ones obtained for neoSCs but can be explained by the high cell division rate of 
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immortalized cells. With regard to the translation into clinical practice, the results 

obtained for primary neoSCs predominated and further experiments were performed 

with chitosan films DA III. 

 

 

 

 

 

 

 

 

Fig.6 Cell metabolic activity of neonatal and immortalized Schwann cells (SCs) on chitosan 
films with a different degree of acetylation (DA I-III). Different types of SCs were seeded on 
chitosan films with varying degrees of acetylation (DA I-III). Metabolic activity measurement of (A) 
immortalized SCs (iSCs) and (B) neonatal SCs (neoSCs) revealed an increased metabolic activity 
over time. Mean±SEM, ***p<0.001; n=3. 

 

4.1.1 Assessment of chitosan films DA III for the application as a nerve graft 
material (Wrobel et al., 2014) 

Here again the cytocompatibility properties of chitosan films DA III are presented in 

direct contact assays with rat iSCs and neoSCs but compared to control cultures on 

poly-L-lysine (PLL) coating. The metabolic activity of primary and immortalized 

Schwann cells increased over culture periods on chitosan films DA III. For both cell 

types metabolic activity was at all investigated time-points significantly higher in 

control cultures than on non-coated chitosan films. However, cells cultured on 

chitosan films were viable and showed a significant increase in their metabolic 

activity over time as did the control cultures (Fig. 7A, B). To include further important 

cell types that are potential candidates for enhanced NGCs, aSCs and BMSCs were 

analyzed, too. The metabolic activity and proliferation profiles on chitosan film 
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substrates differed between both cell types. The metabolic activity was significantly 

higher in control cultures than on non-coated chitosan films at all time-points with an 

increase over time (Fig. 7C, D). In contrast to what was seen with iSCs and neoSCs, 

rat aSCs showed a non-significant decrease of their metabolic activity (MTS assay) 

between DIV 2 and DIV 7 (Fig. 7C). Rat BMSCs, however, demonstrated the 

opposite an increasing metabolic activity from DIV 2 to DIV 7 (Fig. 7D). 

To bring insight into chitosan’s biocompatibility in addition to the metabolic activity, 

the proliferation profile of seeded cells was of further importance. Interestingly, the 

proliferation behavior of rat aSCs and BMSCs showed reverse characteristics on 

chitosan film substrates (Fig. 7E, F). During the measured period of 24 hrs from 

DIV 2 to DIV 3, non-significantly less numbers of aSCs were proliferating than during 

24 hrs between DIV 7 to DIV 8. In the latter time frame, the proliferation rate was 

significantly higher in chitosan film cultures than in controls (Fig. 7E). In contrast, 

non-significantly higher proliferation rates were detected in early chitosan film 

BMSCs cultures (DIV 2-DIV 3) than in older ones (DIV 7-DIV 8) with no significant 

difference to control cultures (Fig. 7F). 
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Fig. 7 Cell metabolic activity of various cell types seeded on chitosan films DA III (A) rat 
immortalized SCs (iSCs, 1x 104 cells/well) and (B) neonatal SCs (neoSCs, 3.5x104 cells/well) were 
cultured on chitosan films for up to 7 days (DIV 7) in vitro. The metabolic activity indicated as optical 
density (450 nm) in the WST-1 assay revealed increased activity for iSCs as well as for neoSCs. 
Control conditions always displayed higher values. Bars represent mean±SEM (n=3 experiments with 
p<0.05). (C+D) Cell metabolic activity of adult rat SCs (aSCs) and rat BMSCs cultured on chitosan 
films. (C) aSCs and (D) BMSCs were cultured on chitosan films for DIV 2 and DIV 7. Metabolic activity 
showed a non-significant decrease after DIV 7 in aSCs, while in BMSCs it was increased. Control 
conditions always displayed significantly higher values than experimental cultures. Bars represent 
mean±SEM (n=3, two-way ANOVA ***/♦♦♦p<0.001; ♦♦p<0.01; ♦p<0.05). (E+F) Proliferation rates of rat 
aSCs and BMSCs when cultured on chitosan films for different time periods. (E) aSCs and (F) BMSCs 
were cultured for 2 and 7 DIV. The proliferation rate was determined for a 24-h window preceding 
fixation on DIV 2 and DIV 7. aSCs showed a non-significant increase in proliferation with prolonged 
culture, while BMSCs showed a non-significant decrease. Bars represent mean±SEM (n=3; two-way 
ANOVA *p<0.05). From (Wrobel et al., 2014). 
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In addition to the analyses for cell metabolic activity and cell proliferation, the viability 

of aSCs and BMSCs on chitosan film substrates was monitored by 

immunofluorescence (Fig. 8). Cell viability could be confirmed for both cell types 

independent of the varying results obtained for metabolic activity and the proliferation 

profile of the cells. aSCs showed their typical bipolar morphology, while BMSCs 

appeared on DIV 2 with a tightened morphology that changed to their regular more 

flattened morphology only on DIV 7. Overall, the cell numbers of aSCs and BMSCs 

increased over time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Immunofluorescence staining of rat aSCs and BMSCs on chitosan films DA III. aSCs 
(green, α-S100) were viable and displayed their regular bipolar morphology on (A) DIV 2 and (B) 
DIV 7. BMSCs (red, f-actin filaments) were viable with a contracted morphology on (C) DIV 2. This 
changed on (D) DIV 7 where they showed again their typical fibroblast like phenotype. All nuclei were 
counterstained with DAPI. Scale bars 100µm. From (Wrobel et al., 2014). 
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In order to investigate stimulatory or inhibitory effects between SCs and BMSCs both 

cell types were directly co-cultured on chitosan film substrates. The results obtained, 

revealed stable cell numbers for both aSCs and BMSCs on chitosan films. The direct 

co-culture of aSCs and BMSCs on chitosan films and control substrates 

demonstrated in immunofluorescence that aSCs grew on top of the BMSCs (Fig. 9A, 

B). The arrangement of the growing cells indicates that BMSCs served as a feeder-

layer for aSCs in the co-culture system. The number of viable cells was determined 

in order to calculate the ratio of the two cell populations when cultured on the 

substrates (Fig. 9C). While the relative number of cultured BMSCs increased 

significantly on control substrates from ~ 61 % at DIV 2 to ~ 75% at DIV 7, the 

relative number of aSCc decreased significantly from ~ 40 % to ~ 25%. On chitosan 

film substrates the change in the cell number ratio is negotiable for both cell types 

and similar to control conditions at DIV 7. The relative proportion in early cultures on 

chitosan films is, however, significantly different to cultures on control substrates, 

with higher relative numbers of BMSCs and less relative numbers of aSCs growing 

on the chitosan films. Overall, no negative interactions, between aSCs and BMSCs 

could be seen. 

 

52 
 



 Results  
 

 

Fig. 9 Quantification of the relative cell number (%) of BMSCs and aSCs in direct co-cultures on 
chitosan films DAIII. Representative photomicrographs of BMSCs stained for F-actin filaments 
(Phalloidin in red) and aSCs for α-S100 (in green) on (A) DIV 2 and (B) DIV 7. Co-cultures were 
examined in comparison to control substrates. Significant differences between DIV2 and DIV 7 were 
analyzed for control conditions for both BMSCs and aSCS but in opposite direction. (C) No significant 
differences in relative cell numbers were detected for either cell type over time in co-cultures on 
chitosan films. Bars represent mean±SEM (n=3 experiments); ***p< 0.001. From (Wrobel et al., 2014). 

 

In general, the results indicated a good biocompatibility of chitosan films with support 

of cell adhesion, metabolic activity, and cell proliferation. But to proof the principle 

that co-cultures of aSCs and BMSCs could also support neurite outgrowth through 

chitosan film based nerve grafts, dissociated DRG cells were cultured on P-ORN-

laminin coated controls or on top of either plain films or those seeded with aSCs-

BMSCs-co-cultures for DIV 2 and DIV 7, respectively. DRG cell axonal outgrowth on 

chitosan films is increased after pre-seeding with aSCs-BMSCs co-cultures. Under 

control conditions less neurite outgrowth was detected (Fig. 10A, B) compared to 

control cultures supplemented with NGF (Fig. 10C, D).  
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On plain chitosan films, without NGF supplementation, some clustering of the 

dissociated DRG cells was visible (Fig. 10E, F) but neurite outgrowth was supported 

to a higher extent than under control conditions plus NGF. The neurite outgrowth 

was, however, best supported when dissociated DRG cells were seeded on aSCs-

BMSCs-co-culture-pre-seeded chitosan films (no NGF added, Fig. 10G, H).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Immunostaining of rat primary dissociated DRGs axonal outgrowth. Dissociated DRG 
cells (β-III tubulin, red) in absence of nerve growth factor (NGF) control 1 on (A) DIV 2 and a slightly 
increased neurite outgrowth on (B) DIV 7. In presence of NGF control 2 on (C) DIV 2 with an 
increased outgrowth on (D) DIV 7. On plain chitosan films cluster formation with increased neurite 
outgrowth occurred till (E) DIV 2 and was further increased till (F) DIV 7. (G+H) on chitosan films pre-
seeded with co-cultures of aSCs and BMSCs axonal outgrowth and network formation was further 
intensified over time. Blue: nuclear staining with DAPI, scale bars 200µm. From (Wrobel et al., 2014). 
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4.2 Evaluation of luminal fillers and the effect of NTFs incorporation for 
improved NGCs 

To assess the potential support of different hydrogels as luminal fillers within 

composite NGCs, neurite outgrowth from PC-12 cells and primary sensory DRGs 

was evaluated. Moreover, cell viability and morphology of neoSCs and BMSCs 

seeded into hydrogel-containing chitosan conduits were analyzed.  

4.2.1 Cultivation of DRG explants in different Gellan gum formulations 

In a first proof of principle study, two Gellan gum (GG) formulations (regular and 

peptide-modified GG) were used to encapsulate neonatal DRG explants for up to six 

days (DIV 6) in vitro. Therefore, DRG explants were placed on top of drops of regular 

GG and on fibronectin-derived synthetic peptide (GRGDS)-GG or coated control 

wells. The results demonstrated improved neurite outgrowth on GRGDS-GG. 

Cultivation of DRG explants on coated control wells revealed cell migration and 

neurite protrusion out of the explant as shown in Fig. 11A. Regular unmodified GG, 

however, did not allow growth of neuritic extensions (Fig. 11B). But modification with 

GRGDS (Fig. 11C) demonstrates a similar effect as seen for control condition. Here, 

less cell migration but improved neurite protrusion was detectable at DIV 6. 

55 
 



 Results  
 

 

Fig. 11 Effect of peptide modified Gellan gum (GRGDS-GG) on cell migration and neurite 
protrusion of cultured DRG explants. (A) DRG explant on a P-ORN-laminin-coated glass coverslip 
(control), (B) DRG explant seeded on top of regular GG and (C) DRG explant seeded on top of 
fibronectin-peptide modified GG (GRGDS-GG). Red: F-actin filaments (Phalloidin-TRITC) and blue: 
nuclear staining (DAPI). Scale bars 200µm. n=1. 

 

4.2.2 Neurite outgrowth assays in NVR-Gel 

To evaluate the suitability of a second hydrogel as a regenerative matrix that could 

be incorporated into NGCs, NVR-Gel was utilized. For this purpose, genetically 

engineered cells (SCs or BMSCs) were suspended in NVR-Gel and neurite 

outgrowth was evaluated in two different cell culture systems to implicate different 

neuronal cell populations and to assess the bioactive potential of the cells. Therefore 

cells were non-virally transfected and afterwards co-cultured with either PC-12 cells 

or dissociated primary DRGs, respectively. 
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4.2.2.1 Protein detection of over-expressed FGF-218kDa and GDNF 

Successful transfection of neoSCs and BMSCs was examined in Western Blot 

analyses from cell lysates. Protein detection was monitored in samples collected 

24 hrs after genetic modification. FGF-218kDa as well as GDNF over-expression was 

clearly visible and demonstrated strong signals (Fig. 12). Due to the presence of the 

Flag-tag FGF-218kDa and GDNF showed a molecular weight of +3 kDa. Therefore the 

bands appeared in case of FGF-218kDa at 21 kDa (Fig. 12A) and in case of the GDNF 

pro-peptide at ~35 kDa (Fig. 12B). Some lower bands beneath over-expressed FGF-

218kDa as seen for FGF-218kDa-SCs-Flag might be degradation products of the protein. 

In contrast to the strong signal of FGF-218kDa in SC and BSMC cell lysates, the PC-12 

cell control showed a very weak band at 18kDa. The detection of endogenous FGF-

218kDa revealed as well weak bands at 18 kDa for nT and empty-vector controls, 

indicating low expression levels of the protein. Some higher bands at molecular 

weights of 21 and 23 kDa were found for nT and empty-vector control samples, 

which might be the high molecular weight isoforms of FGF-221-23kDa. The GDNF blot 

(Fig. 12B) showed a very weak band for the GDNF pro-peptide at ~32 kDa in the 

control lane and very strong bands ~35 kDa for cell lysates of genetically modified 

neoSCs and BMSCs. For the recombinant GDNF control used in the SC blot a 

second band at 16 kDa was detectable. This is the mature protein that was neither 

found for neoSCs, nor for BMSCs. 
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Fig. 12 Western Blot analyses for protein detection of FGF-218kDa and GDNF in cell lysates 
collected from neonatal SCs (neoSCs, left) and bone-marrow derived mesenchymal stromal cells 
(BMSCs, right) over-expressing (A) FGF-218kDa and (B) GDNF. FGF-218kDa cell lysate from PC-12 cells 
served as control for FGF-218kDa expression and recombinant GDNF as control for GDNF expression. 
Non-transfected (nT) cells and cells transfected with an empty vector served as internal controls. 
FGF-218kDa was detected with the α-FGF-2 antibody and GDNF with the α-GDNF antibody. n=3. 
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4.2.2.2 Protein detection of over-expressed FGF-218kDa and GDNF in cell culture 
supernatants 

To examine if the selected NTFs are also released by the cells, the supernatants of 

transfected neoSCs and BMSCs were collected after different time points (24 hrs, 

72 hrs, and 120 hrs). FGF-218kDa (left) was not detectable with the FGF-2 antibody in 

both cell culture supernatants from neoSCs and BMSCs (Fig. 13A+B). GDNF pro-

peptide (right) detected with the GDNF antibody, however, showed clear bands after 

24 hrs in supernatants collected from neoSCs cultures (Fig. 13A). A slightly 

increased protein expression is seen after 72 hrs that is after 120 hrs again reduced. 

At later time points also the mature GDNF-Flag was detectable. In BMSC cell culture 

supernatants, GDNF could also be detected with the GDNF antibody after 24 hrs 

with an increased protein expression of both pro-GDNF and mature GDNF until 

120 hrs.  
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Fig. 13 Protein detection of FGF-218kDa and GDNF in cell culture supernatants. Cell culture 
supernatants from genetically modified (A) neoSCs and (B) BMSCs were collected after 24 hrs, 
72 hrs, and 120 hrs to detect released FGF-218kDa and GDNF. No signal for FGF-218kDa (α-FGF2 
antibody) was detectable in culture supernatants for both cell type’s neoSCs and BMSCs, 
respectively. GDNF (α-GDNF) was detectable after 24 hrs, 72 hrs, and 120 hrs in culture supernatants 
of neoSCs and BMSCs, n=3. 
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4.2.2.3 Neuronal differentiation of PC-12 cells is increased in presence of FGF-
218kDa released from genetically modified cells 

In order to assess the neurite stimulating potential of transfected neoSCs and 

BMSCs within NVR-Gel, PC-12 cells were genetically modified to express EGFP 

(EGFP-PC-12). PC-12 cells are very sensitive to NGF and FGF-218kDa and were 

therefore used as a neuronal model. EGFP-PC-12 cells were co-cultured either with 

free recombinant, iron-oxide conjugated NTFs (NGF and FGF-218kDa) or with 

genetically modified neoSCs or BMSCs, respectively (Fig.14A). As illustrated in 

Fig. 14A, PC-12 cells respond to NTFs with neuronal differentiation. Comparing free-

recombinant and iron-oxide conjugated NTFs, the results indicate similar capabilities 

to induce neurite outgrowth by EGFP-PC 12 cells without any significant differences. 

In co-cultures using genetically modified cells, however, neoSCs and BMSCs over-

expressing FGF-218kDa significantly increased neuron-like structures of PC-12 cells 

when compared to nT-controls cells. Photomicrographs illustrate the significantly 

increased neurite extensions induced by FGF-218kDa over-expressing SCs and 

BMSCs (Fig. 14B+C). 
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Fig. 14 Quantification of neuronal differentiation by PC-12 cells in presence of FGF-218kDa. 
Neurite formation of EGFP-PC-12 cells was analyzed in presence of (A) different free recombinant or 
iron-oxide nanoparticle conjugated growth factors (NGF and FGF-218kDa) or co-cultured with FGF-
218kDa-SCs or FGF-218kDa-BMSCs. Illustration of photomicrographs of PC-12 cells in presence of (B) 
FGF-218kDa-SCs or in presence of (C) FGF-218kDa–BMSCs. Mean ±SD; One-Way ANOVA with 
Bonferroni posttest, *p<0.05, ** p<0.01, ***p<0.001, n=3. (Modified version in Morano, Wrobel et al., 
2014 and submitted in Meyer, Wrobel et al., 2014). 
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4.2.2.4 Neurite outgrowth of primary dissociated DRGs by genetically modified 
SCs  

To address different populations of neurons, another cell culture assay using primary 

dissociated DRG drop cultures was carried out. Genetically modified neoSCs were 

mixed with NVR-Gel and examined after 24 hrs according to their neurite inductive 

potential on dissociated DRGs cultures (Fig. 15A). As illustrated, only transfected 

SCs (FGF-218kDa-SCs and GDNF-SCs) induce a non-significant increase in the 

number of neurites when compared to control condition (CTR). With increasing 

distance from the culture center FGF-218kDa-SCs demonstrate a better support of 

neumeric neurite outgrowth than GDNF-SCs. With regard to the maximum neurite 

elongation (Fig. 15B), FGF-218kDa SCs showed a similar effect as CTR, while nT-SCs 

and GDNF-SCs only induced shorter neurites.  
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Fig. 15 Quantification of neurite outgrowth from fluorescence labelled DRGs co-cultured with 
transfected (tf) SCs. DRGs (β-III tubulin, DAPI) were co-cultured with non-transfected (nT-SCs, 
control) or tf-SCs (S100, green) over-expressing FGF-218kDa or GDNF. Line graph (A) number of 
intersections of neurite processes and their distances from the measured center of DRG drop 
cultures. No significant differences are detectable comparing the different groups of neoSCs. (B) 
Evaluation of longest neurites revealed no differences. (C) Sample illustration of an analyzed 
photomicrograph. Scale bar 500µm. Two-way ANOVA, One-way ANOVA, n=3. (Submitted without 
CTR in Meyer, Wrobel et al., 2014). 
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As another cell type with regeneration-promoting properties, BMSCs were analyzed, 

too. Here, transfected BMSCs were suspended in NVR-Gel and the neurite inductive 

effect was documented after 24 hrs (Fig. 16). Compared to what was seen for SCs, 

nT-BMSCs demonstrated a non-significant increase in the number of measured 

neurites when compared to the CTR, FGF-218kDa-BMSCs and GDNF-BMSCs 

(Fig. 16A). Although in presence of FGF-218kDa-BMSCs and GDNF-BMSCs reduced 

numbers of outgrowing axons were detected, no significances appeared among the 

BMSCs groups. Measuring the longest neurites, nT-BMSCs did not increase neurite 

elongation over the level obtained in CTR, while FGF-218kDa-BMSCs and GDNF-

BMSCs induced non-significantly shorter neurites (Fig. 16B). 
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Fig. 16 Quantification of neuronal extension from fluorescence labelled DRGs co-cultured with 
transfected BMSCs. DRGs (β-III tubulin, DAPI) were co-cultured with nT-BMSCs or BMSCs over-
expressing FGF-218kDa or GDNF. Line graph (A) number of intersections of neurite processes and their 
distances from the measured center of DRG drop cultures. No significant differences are seen when 
comparing the different groups of BMSCs. (B) Analyses of longest neurites revealed no differences. 
(C) Sample illustration of an analyzed photomicrograph. Scale bar 500µm. Two-way ANOVA, One-
way ANOVA, n=3. (Morano, Wrobel et al., 2014). 

 

Comparing NeoSCs with BMSCs, both cell types in general, induce neurite 

outgrowth of primary dissociated DRG drop cultures to a comparable level (Fig. 17A). 

With regard to the CTR, the cells did not demonstrate an inductive effect on sensory 

neuronal elongation. Although no significant differences were found, a trend is seen 

for nT-BMSCs and FGF-218kDa-neoSCs to induce longer neurites than the other 

conditions (Fig. 17B).  
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Fig. 17 NTF over-expressing SCs have a similar neurite inductive bioactivity as NTF-
expressing BMSCs in NVR-Gel. (A) Bar graphs for the number of intersections at defined distances 
measured from the DRG drop cultures. (B) Mean length ±standard deviation of ten longest neurites for 
each culture condition. One-way ANOVA with Bonferroni posttest, Mean±SD, n=3 experiments. 
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4.3 Evaluation of NVR-Gel containing cell-seeded chitosan conduits in 
vitro 

4.3.1 Protein detection in cell lysates from NVR-Gel containing cell-seeded 
chitosan conduits 

In addition to regular cell lysates as described in Fig. 12, over-expression of   FGF-

218kDa and GDNF (α-Flag-antibody) was also verified from cell-seeded chitosan 

conduits to assess the efficacy of the cells when delivered into NGCs. The results 

demonstrate successful delivery of NTFs into the NVR-Gel matrix by over-expressing 

cells (Fig. 18). For the analyses, genetically modified cells were flushed out of the 

conduits 24 hrs after seeding and cell lysates were prepared for Western Blotting. 

FGF-218kDa (Fig. 18A) and GNDF (Fig. 18B) were detected by the Flag-antibody and 

showed strong bands for both analyzed cell types’. Cell lysates from nT-cells and 

empty-vector transfected control cells showed no bands, due to the missing Flag-

 taq. Both cell-types showed further N-terminal degradation products, as indicated by 

other bands below 35 kDa. In case of GDNF-BMSCs-Flag, the band at 19kDa could 

be the mature GDNF-Flag form. 

 

 

 

 

Fig. 18 Western Blot analyses for protein detection of NVR-Gel extraction from chitosan 
conduits of (A) neoSCs after 24 hrs (n=3) and (B) BMSCs after 24 hrs (n=2). Detection of over-
expressed FGF-218kDa and GDNF was carried out using an α-Flag antibody.  
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4.3.2 Metabolic viability of cells seeded into NVR-Gel containing chitosan 
conduits 

To demonstrate that cells seeded into NVR-Gel enriched chitosan conduits show no 

reduction of their metabolic activity and viability, a WST-1 assay was performed. 

Therefore, neoSCs and BMSCs were non-virally transfected as described before. 

Cells were suspended in 0.5% NVR-Gel and delivered into chitosan conduits for 

24 hrs. Metabolic viability measurements (Fig. 19A+B) revealed overall good results 

for both examined cell populations with viable cells. A trend for increased activity was 

found for over-expression of FGF-218kDa and GDNF, respectively, when compared to 

nT-control cells. A significant improvement was seen for FGF-218kDa-BMSCs 

(Fig. 19B). 

 

 

Fig. 19 Quantification of the metabolic viability of genetically modified neoSCs and BMSCs 
seeded into NVR-Gel-enriched chitosan conduits. (A+B) Cell metabolic measurements revealed 
active and viable cells with an increased metabolism when over-expressing FGF-218kDa or GDNF 
compared to non-transfected (nT) control cells. Mean±SD; One way-ANOVA with Bonferroni posttest, 
*p<0.05, n=3. 
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To get an idea of cell behavior within the conduit, the cell morphology when delivered 

into NVR-Gel containing chitosan conduits was monitored for genetically modified 

neoSCs and genetically modified BMSCs expressing EGFP. 24 hrs after cell-

seeding, cells were round shaped and clustered as seen in the overview 

(Fig. 20A+E) and in a magnified photomicrograph (Fig. 20B+F). Only few neoSCs 

showed their regular morphology. After a few days in culture, neoSCs migrated out of 

initially formed aggregates to populate the inner conduit. The cell number of 

outgrowing neoSCs increased thereafter (Fig. 20C+D) with neoSCs showing their 

typical bipolar shape. That effect was not detectable in BMSCs cultures 

(Fig. 20G+H). Cells remained clustered only on DIV 9 very few cells started to 

migrate out of the aggregates (Fig. 20H). 
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Fig. 20 Morphology of EGFP-transfected neoSCs and BMSCs seeded into NVR-Gel-enriched 
chitosan conduits. (A+E) Overview of cells seeded into chitosan tubes ((A) tf-neoSCs and (E) 
BMSCs). (D-J) Magnification of cells on DIV 1, DIV 5, and DIV 9. Scale bars 1000 µm, 500 µm, and 
200 µm. (G-H) Tf-neoSCs demonstrate their typical spindle shaped morphology (arrows) and 
migration out of initially formed clusters after a few days. The latter is not seen for BMSCs. 
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4.3.3 Purity and transfection efficiency of neoSCs seeded into NVR-Gel 
containing chitosan conduits 

The in vitro evaluation of cell-seeded chitosan conduits revealed no negative side 

effects. Cells seeded into the NVR-Gel enriched chitosan conduits were viable and 

migrated to a certain extent. The neurite inductive potentials varied between sensory 

and sympathetic neuron culture models. Based on overall positive outcomes, an in 

vivo study followed. Therefore, SC purity and transfection efficiency were analyzed 

as listed in Tab. 7. SCs showed in general, a good purity of about 80-90 %. The 

transfection efficiency was also successful with approximately 75-80 %. Further data 

obtained in the in vivo study are presented in the PhD thesis of Cora Meyer and were 

recently submitted in (Meyer, Wrobel et al. 2014, submitted). 

 

Tab. 7 Results obtained for cell purity and transfection efficiency of transplanted 
neoSCs used for cell-seeded chitosan conduits in vivo. 

Neo Schwann cell purity & transfection efficiency in vivo surgery I 
 Purity [%] Transfection efficiency [%] 
Non transfected cells - (not enough cells left) - 
Empty-vector - (not enough cells left) - 
FGF-2 79.5 78.8 
GDNF 76.4 73.1 

Neo Schwann cell purity & transfection efficiency in vivo surgery II 
 Purity [%] Transfection efficiency [%] 
Non transfected cells 87.3 - 
Empty-vector 88.5 - 
FGF-2 89.5 79.1 
GDNF 89.3 79.3 
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5 Discussion 

Regeneration and reconstruction of PNIs is a challenging field in regenerative 

medicine where the translation into the clinical application needs to be investigated in 

more detail. Among a variety of biomaterials that were studied over the past years, 

chitosan became more and more interesting due to its favorable characteristics such 

as biocompatibility, non-toxicity, and the tunable biodegradability. Therefore, 

especially chitosan nerve graft devices could act as a temporary guiding bridge. In 

the current work, the suitability of distinct chitosan NGC compositions as well as the 

feasibility of incorporating supporting cells and NTFs was studied in vitro. 

5.1 The biocompatibility of chitosan materials as promising NGC 
material 

In the first part of the study, chitosan films were analyzed with the prospect of a novel 

entubulation strategy, in which those films could be seeded with supportive cells and 

used as a composite guiding conduit for peripheral nerve repair (Wrobel et al., 2014). 

To gain a more detailed insight into the properties of chitosan substrates, chitosan 

films with varying DAs were tested for their biocompatibility in particular with glial 

cells (Fig. 6). In contrast to reports that with increasing DA the viability of the cells 

decreased (Amaral et al., 2007; Freier et al., 2005), this was not seen for the cell 

types evaluated here. A reason might be the low differences in the DA, which ranged 

from 1-5 % and seemed to be more attractive for cells than higher DAs of >10 % 

used in other studies (Amaral et al., 2007; Lieder et al., 2012). Both, neonatal SCs 

and immortalized SCs, adhered very well to all chitosan films from low to high DA 

(DA I-III) and showed only minimal variation in their metabolic activity over time. 

Immortalized SCs showed a slight decrease (Fig. 6A). Neonatal SCs, however, non-

significantly increased their metabolic activity on chitosan films DA III (Fig.6B). It is of 

particular importance that DAs higher than >10 % are less favored by different cells 
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types. But the potential to adhere to chitosan and to be metabolically active depends 

on the one hand, on the cell type and on the other hand, also on the substrate 

surface architecture. We characterized chitosan films with a DA of ~5 % in terms of 

mechanical properties and the surface topography. The degradation rates of chitosan 

films of different DA were determined in another study before and chitosan films with 

a DA of ~5 % demonstrated a mass loss of <10 % over 28 days in the presence of 

lysozyme in vitro (Freier et al., 2005). Moreover, chitosan hollow tubes with the same 

DA of 5 % demonstrated their effectiveness in peripheral nerve regeneration in vivo, 

while chitosan conduits with a high DA of 20 % degraded too fast into pieces with 

sharp edges that could harm the regenerated nerve cables (Haastert-Talini et al., 

2013). Here, we therefore focused on the evaluation of the biocompatibility of 

chitosan films DA 5 % using different cell types. 

SEM analysis of our chitosan films (data in Wrobel et al., 2014) revealed a flat and 

smooth surface. It is known that surface properties of biomaterials, such as their 

chemical structure and topography are essential for adhesion and proliferation of 

cells (Chang and Wang, 2011) and in that context they are therefore important for 

acceptance or rejection of those materials in vivo. The monitored surface of our 

chitosan films as such showed no negative properties, which would limit the use of 

chitosan films in peripheral nerve repair. Biocompatibility of chitosan materials in 

terms of better cell adhesion and proliferation can be modified by deacetylation of the 

raw material (Freier et al., 2005). Cell lines are widely used for in vitro cytotoxicity 

assessments but the transmission to a clinical situation is restricted to data obtained 

with primary target cells or data obtained in vivo. To gain a more comprehensive view 

on the chitosan film properties, besides immortalized SCs, primary neonatal and 

adult SCs, with a special focus on the adult SCs, were analyzed here. Schwann cells 
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are the main players in the scenario of peripheral nerve regeneration. In a clinical 

setting of peripheral nerve reconstruction adult SCs are crucially involved when 

focusing on the mean age of the population with peripheral nerve injuries (Asplund et 

al., 2009; Noble et al., 1998). As a second cell type with regeneration promoting 

properties (Meyerrose et al., 2010; Ribeiro et al., 2011; Uccelli et al., 2011), BMSCs 

were analyzed. All cell populations were grown on chitosan films with 5 % DA that 

has been considered to be optimal for glial cells as shown before for neoSCs and 

given that previous studies demonstrated adverse effects for different cell types when 

higher DAs were used (Amaral et al., 2007; Freier et al., 2005; Hamilton et al., 2006; 

Martín-López et al., 2012). The results of the direct contact assays clearly 

demonstrated that our chitosan films provide a suitable biomaterial with good cell 

adhesion and proliferation properties and allow axonal outgrowth. Immortalized and 

primary neonatal SCs as well as BMSCs demonstrated an increased metabolic 

activity over culture time on chitosan films (Fig. 7A-B, D). This is in agreement with 

the metabolic activity changes found for other cell types from different origin when 

seeded on chitosan with DA <10 % (Amaral et al., 2007; Freier et al., 2005; López-

Pérez et al., 2010; Yuan et al., 2004). In contrast, adult SCs cultured on the chitosan 

films showed a non-significant decrease in their metabolic activity on DIV 7 (Fig. 7C). 

These cell-type specific differences are of particular importance with respect to the 

impact of aSCs on the peripheral nerve regeneration process. Although other authors 

conclude from a reduced metabolic activity to a reduced cell viability (Martín-López et 

al., 2012; Yuan et al., 2004), we did not see impaired cell viability when analyzing our 

cultures in immunofluorescence. The significantly higher metabolic activity measured 

under control conditions have to be attributed to the highly optimized culture 

conditions induced by the cell specific coating used. From the chitosan film cultures, 

however, we assume that aSCs adapt faster to the biomaterial with a reduced 
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reaction to the chitosan and a subsequently reduced metabolism than immortalized 

or neonatal SCs or BMSCs. Also, the significant increase of proliferating aSCs till 

DIV 7 (Fig. 7E) argues against a reduced viability of this cell type on chitosan films. 

With regard to cell proliferation, BMSCs again demonstrated an opposite behavior to 

aSCs. Proliferation rates on DIV 2 were lower in aSCs than in BMSCs and on DIV 7 

the opposite was detected. These observations can be explained by a reduction of 

cell free material surface needed for further cell expansion due to increased cell 

numbers until DIV 7 for BMSCs (Ribeiro-Samy et al., 2013). Adult Schwann cells 

showed a slower growth and could therefore still increase their proliferation rates on 

DIV 7. Despite of cell-type specific differences regarding metabolic activity and 

proliferation behavior between aSCs and BMSCs, both cell types were viable and 

adhered well to the substrate. These observations were also confirmed by 

immunofluorescence showing typical spindle shaped aSCs on DIV 2 and DIV 7 

(Fig. 7 A,B), while BMSCs appeared initially contracted but with prolonged culture 

time they changed to their regular morphology (Fig. 7 C,D). The latter is another 

evidence for the conclusion that BMSCs need more time to adapt to the chitosan 

surface than aSCs. 

Recent investigations demonstrated that transplanted mesenchymal stromal cells are 

therapeutically efficient in models of different neurological disorders including 

peripheral nerve regeneration either by differentiation into a SC-like phenotype or by 

using them as a source of growth factors (Ladak et al., 2011; Shea et al., 2010; Silva 

et al., 2013a). In order to study the possible synergistic or inhibitory effects of aSCs 

and BMSCs, both cell types were directly co-cultured on chitosan films (Fig. 8). 

Similar to the results obtained from monocultures, both cell types were viable and 

adhered to the chitosan substrate. It is noteworthy that aSCs grew on top of the 
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BMSCs using them as a feeder layer. In prospect of composite nerve entubulation 

strategies, the demonstrated growth behavior would allow the aSCs to be in direct 

contact with regrowing axons, while receiving trophic support from the underlying 

BMSCs. In a similar study using rolled SC-laden nerve grafts, it was shown that 

those NGCs presented a regeneration promoting environment for the regrowing 

axons, which was confirmed by improved functional recovery (Hadlock et al., 2001). 

The combination with BMSCs would possibly enhance the chance of regeneration by 

modulating the cell behavior mutually. Former studies for example demonstrated that 

resident SCs increased the secretion of GDNF when adipose-derived stem cells 

were applied into the nerve tissue after a crush lesion of the sciatic nerve in mice 

(Marconi et al., 2012). In order to detect similar cell type interactions in vitro, relative 

cell numbers of both cell populations were determined under control conditions and 

on chitosan films. While under control conditions the relative cell number of BMSCs 

increased till DIV 7 and that of aSCs decreased, on the chitosan films the relative cell 

number for both aSCs and BMSCs remained stable. This indicates that aSCs and 

BMSCs did not negatively affect each other. Furthermore, axonal outgrowth from 

dissociated DRG cells cultured on chitosan films was evidently stronger than under 

positive control conditions (P-ORN-laminin) coated glass coverslips and NGF 

supplementation, Fig. 9 A-F. Chitosan films pre-seeded with aSCs-BMSCs-co-

cultures further proved to be even more supportive of axonal outgrowth (Fig. 9 G, H). 

This is in agreement with a study of Dai et al., in which co-transplanted SCs with 

adipose-derived stem cells lead to improved regeneration across a 15 mm gap. The 

results were further supported by in vitro approaches demonstrating synergistic 

release of NGF (Dai et al., 2013). 
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In future studies, the co-culture of aSCs and BMSCs needs to be further analyzed for 

the effects of the BMSC secretome on aSCs behavior. Therefore, higher cell 

densities and prolonged culture periods need to be established.  

We demonstrate here as a proof-of-principle that chitosan films 5 % DA are a 

suitable biomaterial, which supports viability and adhesion of glial cells, specifically 

primarily Schwann cells and BMSCs and that both cell types can be co-cultured in 

order to be co-transplanted for peripheral nerve reconstruction. This conclusion is 

supported by the finding that massive neurite outgrowth from sensory neurons is 

induced on chitosan films pre-seeded with aSCs-BMSCs-co-cultures. A composite 

entubulation strategy including chitosan films seeded with autologous Schwann cells 

and BMSCs could not only be supportive for axonal regrowth but also for the growth 

and function of resident Schwann cells in the adjacent nerve ends. These cells could 

also be positively influenced by the secretome of the transplanted BMSCs as 

mentioned above. Therefore, both cell types qualify to a comparable level as 

supporters for a composite nerve graft device. 
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5.2 The potential of selected injectable hydrogels as regenerative 
matrices for composite nerve graft devices 

It is well known that hollow NGCs are successful in reconstruction of small gaps. But 

to overcome the critical gap size, further support is needed (Gu et al., 2011). To 

successfully engineer improved NGCs, the impact of injectable hydrogels that create 

an inner matrix in the lumen of a nerve conduit and attempt to support newly grown 

tissue, were analyzed. Among a variety of filling materials, hydrogels are attractive 

candidates because of their numerous properties such as e.g. the similarity to ECM 

components, their mechanical stability, the permeability for small particles, and the 

opportunity of culturing cells and tissue in a 3 D environment (Lee and Mooney, 

2001; Peppas et al., 2006). In this way, cell populations can be encapsulated or 

NTFs incorporated and afterwards delivered within the NGCs to support nerve 

regeneration and axonal guidance. Hydrogels can be produced from synthetic or 

from natural sources and can include for the latter amongst others collagen, 

hyaluronic acid (HA), alginate or chitosan (Lee and Mooney, 2001). In contrast to 

former studies where cells were analyzed in a 2-dimensional room, the fabrication of 

hydrogels allowed the investigation of nerve regeneration strategies in a 3 D 

environment (Allodi et al., 2011; Dadsetan et al., 2009; Suri and Schmidt, 2010). 

Shortly after, a whole range of studies described promising outcomes of nerve 

recovery and improved regeneration when hydrogels were incorporated into NGCs 

(Allodi et al., 2011; Hill et al., 2011; Quigley et al., 2013).  

Gellan gum (GG) belongs to the natural-derived hydrogels that were investigated as 

promising biomaterials. In previous studies, the cytocompatibility of GG was 

confirmed for various cell types including articular chondrocytes and adipose stem 

cells (Oliveira et al., 2010a, 2010b). A lot of work has been done to strengthen the 

mechanical properties of GG by methacrylation methods that demonstrated improved 
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applications in the field of intervertebral disc tissue engineering (Khang et al., 2012; 

Silva-Correia et al., 2011). Recent investigations, however, tried to chemically tailor 

hydrogels in order to enhance cell survival, cell adhesion, and cell migration 

properties. Immobilization of small adhesion peptides such as RGD, IKVAV or 

YIGSR, which were derived from the ECM exhibited beneficial features in tissue 

regeneration processes (Vladkova, 2010). A study by Wei et al. using a brain lesion 

model resulted in successful ingrowth of host tissue and axonal outgrowth due to the 

binding of the associated laminin binding protein sequence IKVAV to hyaluronic acid 

(Wei et al., 2007). Several other studies also described improved cell attachment, 

differentiation, and neurite outgrowth of various cell populations when IKVAV was 

linked to the analyzed biomaterial (Bockelmann et al., 2011; Hynd et al., 2007; Song 

et al., 2011). In this way, also the composition of GG was chemically modified. 

Therefore, GG hydrogel was also tailored with a ECM derived component that was 

incorporated into the gel to offer a more suitable environment for various cell 

populations. This small bioactive fibronectin-derived synthetic peptide with the 

sequence GRGDS had already been shown to improve cell-adhesion and 

proliferation of an osteoblastic cell line on chitosan films (Li et al., 2006) and neural 

stem progenitor cells when encapsulated in GRGDS-GG (Silva et al., 2012). In the 

current work, GG was evaluated for peripheral nerve tissue engineering. For the 

performance, neonatal DRG explants were seeded on top of two different GG 

formulations and were morphologically monitored for their neurite outgrowth 

potential. As demonstrated (Fig. 11C), GRGDS-GG visibly improved the axonal 

outgrowth from DRG explants roughly to comparable dimensions as on coated 

culture wells (Fig 11A). Regular GG on the contrary, did not allow neurite outgrowth 

at all (Fig. 11B) and therefore seems to be disadvantageous for further application. 

Nevertheless, the results obtained here, are from a single experiment and need to be 
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replicated to confirm the statement. Another aspect that must be clarified is the 

performance of immunostaining of cellular structures. So far, the gel allows only the 

fluorescent staining with dyes such as DAPI and Phalloidin-TRITC. It seems that GG 

forms a tremendous network that is too dense and to date not permeable for 

antibodies. Taken together, the results obtained for GRGDS-GG demonstrated 

auspicious findings. For this reason, GRGDS-GG needs to be advanced and verified 

in more detail in future experiments. Unfortunately more material was not available 

during the course of this PhD thesis. 

Another hydrogel evaluated in this work was NVR-Gel. NVR-Gel is a hydrogel 

produced from hyaluronic acid and laminin both essential members of the ECM 

(Shahar et al., 2001). NVR hydrogel demonstrated in previous studies improved 

growth and differentiation of nasal olfactory mucosa (NOM) cells in vitro and 

functional recovery and fiber outgrowth of paraplegic rats in vivo when analyzed by 

electrophysiology and histology (Rochkind et al., 2006; Skaat et al., 2011). To 

evaluate the properties of NVR-Gel for peripheral nerve tissue engineering, we 

investigated on the one hand the feasibility to further support neurite outgrowth of 

sensory and sympathetic/motor-like neurons by incorporating NTFs or supporting 

cells. For the latter purpose, neoSCs and BMSCs were genetically modified. 

Afterwards the cells were delivered into 0.5 % NVR-Gel and mixed either with PC-12 

cells or cultured together with a drop of dissociated DRGs. Neurite outgrowth was 

particularly increased in the PC-12 cell culture model (Fig. 14) and supported from 

sensory neurons (Fig. 15A+C-16A+C). The results obtained, indicate that the neurite 

outgrowth inductive effect might be related to the specific susceptibility of certain 

neuron populations to NTFs. A recent study demonstrated the support of neurite 

outgrowth of adult DRG explant cultures in 0.3 % and 0.5 % NVR-Gel (Ziv-Polat et 
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al., 2014), so that, the viscosity of the NVR-Gel is unlikely to impede the axonal 

outgrowth in vitro. Apart from that, cell viability was not disturbed when cells were 

delivered into NVR-Gel- containing chitosan conduits. SCs as well as BMSCs were 

viable with an increased metabolic activity when over-expressing NTFs (Fig. 19). 

After a few days in vitro, the initially round shaped SCs started to migrate out of their 

aggregates to populate the conduit. BMSCs, however, remained in clusters until 

DIV 9 and only few cells tried to leave these aggregates (Fig. 20). Here, it can be 

speculated that the large size of BMSCs influences their distribution and 

morphological appearance in gel-laden conduits or that the viscous NVR-Gel 

impaired the nutrient exchange, because smaller sized cells such as the SCs 

adapted faster. That both, hyaluronic acid and laminin are excellent substrates for the 

development of a successful hydrogel matrix was confirmed in a study analyzing 

CNS repair strategies. The authors demonstrated that a hyaluronic acid-laminin 

based hydrogel stimulated neuronal tissue formation, cell migration and neurite 

outgrowth after a cortical lesion in rat (Hou et al., 2005). Further approaches in 

peripheral nerve reconstruction also demonstrated viable SCs, which increased the 

release of NGF and GDNF, especially when laminin was incorporated into the 

composite hydrogel. Furthermore, Suri and Schmidt demonstrated that higher cell 

numbers (>1x106 cell/ml) seeded into the hydrogel ensure typical cell morphology 

and increase levels of secreted NTFs (Suri and Schmidt, 2010).  
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5.3 Neurotropic factor delivery via conjugation to iron-oxide 
nanoparticles in direct comparison to engineered cells for the 
development of functional composite peripheral NGCs 

The application of NTFs has shown to definitely improve the regeneration potential of 

utilized artificial NGCs (Brushart, 2011b). To date, a whole set of approaches has 

been tried to control the delivery or the temporal administration of NTFs in order to 

ensure a satisfactory outcome. The strategies range from soluble factors that were 

basically filled into hollow NGCs to mini-pumps regulating the supply or microspheres 

that act as a cargo for the factors (Bell and Haycock, 2012; Gu et al., 2011). To 

improve the conditions of a novel composite NGC made out of chitosan, the 

possibility of NTF delivery was investigated in two different ways in this thesis. On the 

one hand, we used nanotechnological approaches and on the other hand cell 

engineering.  

For nanotechnology, NTFs were conjugated to iron-oxide nanoparticles and studied 

in combination with NVR-Gel. Conjugation of NTFs to iron-oxide is described to 

increase the stability of the factors and has recently been proved in an experiment 

with adult DRGs with a prolonged stability opposite to free- recombinant factors (Ziv-

Polat et al., 2012; Ziv-Polat et al., 2014). Other studies successfully demonstrated an 

improved NTF stability and an increased bioactivity when a protective structure such 

as e.g. a liposome or heparin was used to cover the NTF (Lee et al., 2014; Xiang et 

al., 2011). In the PhD thesis we attempted to stabilize NGF, FGF-218kDa and GDNF to 

stabilize these factors through binding to iron-oxide nanoparticles. The results will be 

described in comparison to engineered cells in the following section. 
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For cell engineering, SCs and BMSCs were genetically modified using a non-viral 

transfection method. Afterwards, those engineered cells could be applied to the 

nerve guides as it has been demonstrated for genetically modified SCs before 

(Haastert and Grothe, 2007; Haastert et al., 2006; Schmitte et al., 2010). In former 

studies, both selected NTFs demonstrated their supportive potential in peripheral 

nerve regeneration. FGF-221/23kDa therapy promoted neuronal survival, functional 

recovery and initiated the myelination process in sensory neurons, whereas FGF-

218kDa demonstrated better effects on outgrowth and elongation of motor neurons. In 

addition, GDNF supported muscle re-innervation and showed increased fiber density 

in an acute model of nerve repair as well as functional motor recovery in delayed 

repair (Allodi et al., 2013; Haastert et al., 2006; Kokai et al., 2011; Wood et al., 

2013a).  

To first proof if our genetically modified cells over-express the selected NTFs, 

Western Blot analyses were performed. FGF-218kDa and GDNF over-expression was 

clearly detectable in regular cell lysates of neoSCs and BMSCs when compared to 

the low endogenous expression levels of nT and empty-vector transfected cells 

(Fig. 12). The proteins were further detectable in cell lysates extracted from cell-

seeded chitosan conduits (Fig. 18). Many studies described genetic modification of 

SCs using viral vectors to achieve higher transfection efficiencies and better 

expression stability, but on the contrary viral vectors may bear a higher safety risk 

(Eggers et al., 2013; Tannemaat et al., 2008). Previous studies of our group, 

however, demonstrated successful non-viral genetic modification of SCs (Haastert et 

al., 2007, 2006; Schmitte et al., 2010) as it was confirmed in the study presented 

here. In order to identify if the over-expressed NTFs are also released into the 

medium as it was reported for FGF-218kDa and GDNF by others (Chlebova et al., 
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2009; Piccinini et al., 2013), the supernatants were collected after different time 

points. FGF-218kDa within the medium was predominantly not detectable (Fig. 13). 

Only once, a weak expression after 24 hrs (data not shown) was seen. The absence 

of a releasing sequence is a common characteristic of FGF-2 demonstrating its 

general localization with isoform-specific distribution patterns within the nucleus 

(Claus et al., 2003). Beyond that, several studies described the release of FGF-218kDa 

by energy dependent mechanisms which occur likewise to exocytosis but in an 

ER/Golgi independent manner. The assumed pathway was also supported by the 

fact that inhibiting either the coenzyme ATP or the exocytosis process was shown to 

impede secretion of FGF-2 (Florkiewicz et al., 1995; Mignatti et al., 1992; Sørensen 

et al., 2006). Based on these findings, released FGF-2 within the medium was 

expected. A reason for the failure might be the binding of released FGF-2 to ECM 

components which makes them not accessible for the antibodies used or the fast 

degradation of FGF-2 that is also well described in the literature (Bikfalvi et al., 1997; 

Masuoka et al., 2005). The GDNF pro-peptide and the mature form in contrast, were 

secreted and identified by Western Blot analyses until 120 hrs in cultures (Fig. 13). 

This is in line with other studies confirming the secretion of GDNF by different cell 

types such as PC-12, MN9D and C6 cells (Geng et al., 2011; Sun et al., 2014). When 

compared to FGF-2, GDNF demonstrated a prolonged stability in vitro. A former 

study, however, could show that free-recombinant FGF-2 when suspended into a 

gelatin-hydrogel also owns a prolonged stability. The results showed improved 

regeneration of a decompressed facial nerve (Hato et al., 2012). For that reason a 

hydrogel matrix seems to protect NTFs from degradation. 
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To study the effect of NTF application by both described methods (nanotechnology 

and cell engineering) with a closer look on enhanced neurite outgrowth in vitro, 

organotypic cultures of neonatal DRG-drops and PC-12 cell differentiation were 

assessed. These models help to evaluate the neurite outgrowth potential in a specific 

environment and gives information about the possibility of NTFs being released and 

accessible for the neurons (Melli and Höke, 2009). The conjugated factors (np-NTFs) 

supplemented in NVR-Gel or the same proteins delivered by genetically modified 

SCs and BMSCs in NVR-Gel supported neuronal differentiation and growth of the rat 

PC-12 cell line (Fig.14) and further provided neurite outgrowth from sensory 

dissociated DRGs (Fig. 15-16) from neonatal rats (Morano, Wrobel et al., 2014).  

The experiments with PC-12 cells confirmed that both np-NTFs and engineered cells 

support neurite outgrowth in NVR-Gel. Neurite elongation was specifically 

ameliorated in presence of FGF-218kDa-SCs and FGF-218kDa-BMSCs. In contrast, 

neurite elongation from sensory DRG drop cultures in NVR-Gel appeared to be less 

stimulated by both treatments. Although former studies showed NVR-Gel to support 

outgrowth and sprouting of NOM neurons and numeric neurite outgrowth from adult 

DRG explants in vitro, effects of different NVR-Gel formulations on sensory neurite 

elongation have not been addressed before (Rochkind et al., 2006; Ziv-Polat et al., 

2014). In order to analyze this in more detail, additional experiments are required, 

such as long term cultures of neonatal DRGs.  

Evaluation of cell engineering further demonstrated that FGF-218kDa-SCs have a 

higher potency to induce sensory neurite outgrowth than naïve primary SCs. That 

genetically modified SCs enhance nerve regeneration to a higher extent than naïve 

SCs is in agreement with previous studies (Haastert et al., 2008; Zhou et al., 2008). 

The contrary was seen however, for BMSCs, where nT-BMSCs induced more neurite 
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outgrowth than genetically modified BMSCs. The latter effect can be explained by the 

existence of the BMSC's secretome that delivers multiple growth factors to the co-

cultured neurons (Ribeiro et al., 2011; Salgado and Gimble, 2013). It can be 

postulated that the transfection procedure might have influenced the secretome of 

the transfected BMSCs in a negative way.  

In the same study np-NTFs have also shown to stimulate neuronal outgrowth of adult 

DRG explants in a dose-dependent way (Morano, Wrobel et al., 2014). The optimal 

working concentration in vitro, however, differed among the applied NTFs, which was 

also described in other studies (Deister and Schmidt, 2006). In our study, highest 

neurite numbers were induced with 50 ng/ml of np-NGF or np-GDNF while a low 

concentration of 10 ng/ml worked best for np-FGF218kDa. Nevertheless, all of the 

evaluated np-NTFs provoked neurite outgrowth at a concentration of 50 ng/ml. This 

concentration could be useful with regard to future in vivo applications in order to 

boost the speed of the regrowing axons to reach the distal nerve end. Due to the fact 

that DRG neurons are a mixed population they respond differentially to certain 

growth factors. Therefore, a number of studies focused on the concept of using a 

mixture of NTFs with the intention to address various subtypes of neurons (Deister 

and Schmidt, 2006; Gavazzi et al., 1999; Wright and Snider, 1995). A general 

protocol, however, for an optimal combination with highest success in the 

regeneration process has still to be defined.  
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In that context, we additionally analyzed the effect of np-NTFs-pool on the neurite 

outgrowth activity in neonatal DRG-drop and adult DRG explants cultures (Morano, 

Wrobel et al., 2014). The pooled NTFs consisting of np-NGF, np-FGF18kDa, and np-

GDNF were selected since these NTFs revealed their success in the neurite 

outgrowth induction of sensory DRG cultures (Allodi et al., 2011; Leclere et al., 

1998). In our hands, it was found that the cocktail did not increase the neurite 

extension capacity over the level induced by np-NGF alone. A study by Deister and 

Schmidt described a similar outcome. Using a cocktail of different growth factors 

(50 ng/ml NGF, 10 ng/ml GDNF and 50 ng/ml CNTF), they could show that the 

combination of the factors resemble the ideal concentration found for each single 

NTF (Deister and Schmidt, 2006). Another study by Madduri et al., however, 

demonstrated the opposite, a synergistic effect of combined growth factors. In that 

experiment, GDNF and NGF were co-delivered in a total concentration of 80 ng/ml 

with each factor being 40 ng/ml. The results obtained in that study clearly revealed 

significantly improved axonal outgrowth and migration of SCs in a 10 mm nerve gap 

model (Madduri et al., 2010a). This is also in agreement with a second study which 

showed the synergistic effect of GDNF, NGF, and CNTF in vivo (Chen et al., 2010). It 

can be supposed that the experiments performed in our own study displayed a 

limitation of the in vitro approach in which a concentration of 50 ng/ml already 

induced the highest effect with no option for further improvement.  

Comparing the two strategies of nanotechnology and cell engineering with regard to 

the sensory neurite outgrowth potential in general, np-NTFs were not significantly 

superior over NTF-cells. Most notably, in the PC-12 cell model NTF-cells convinced 

more than np-NTFs. Based on the overall positive results with genetically modified 

cells, an in vivo study was started to analyze the effect under physiological 
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circumstances. The results thereof are described in the PhD thesis of Cora Meyer 

and were recently submitted (Meyer, Wrobel et al., 2014, submitted). Briefly, in 

contrast to the promising results of cell-enriched chitosan conduits in vitro the 

regeneration outcome after nerve transection in vivo resulted only in poorly 

regenerated nerve tissue as well as limited functional recovery of a critical nerve 

defect of 1.5 cm in rat. None of the NVR-Gel enriched-chitosan conduit groups 

achieved rehabilitation of the injured sciatic nerve as shown for the autologous nerve 

graft (control). It seemed that NVR-Gel in its given composition impedes the 

outgrowth of the regenerating axons in vivo which could to a certain extent be 

compensated in the group transplanted with FGF-218kDa-SCs. All other groups in 

contrast failed.  

With the in vivo study we could show that the positive findings obtained in vitro are 

not always transferable to the in vivo situation. Furthermore this study clearly shows 

the difficulty of a hydrogel when used as luminal filler. Although there were no clear 

indications for impaired axonal elongation in NVR-Gel in vitro apart from the fact that 

neurite outgrowth from sensory neurons did not show any significant differences 

among the groups as did neuronal differentiation of PC-12 cells. Therefore, the 

viscosity of the NVR-Gel must have had some negative side effects on regrowing 

axons in the in vivo study (Meyer, Wrobel et al., 2014, submitted). One could think 

about using a less viscous gel but this in turn would result in other problems because 

gels with lower viscosities will also be lost easily during injection into NGCs. Another 

option for future use of hydrogels is the use of sponge-like hydrogel preparations, 

which can be incorporated into the conduits as an internal framework. Several 

studies already tested those internal scaffolds with promising findings for cell 

89 
 



 Discussion  
 

adhesion and cell proliferation as well as neurite outgrowth in vitro and in vivo 

(Gingras et al., 2003; Ishikawa et al., 2009; Toba et al., 2001). 

5.4 Conclusion and outlook for composite nerve graft devices 

Current ideas and approaches for the development of a composite nerve graft device 

approximate the optimal condition. In the last years, a lot of work in that field had 

been done by incorporating different kinds of luminal fillers, supportive cells or NTFs 

with the result of improved regeneration of large peripheral nerve defects. It is of 

particular importance that artificial conduits should not only be biocompatible and 

biodegradable in order to avoid a second surgery but primarily facilitate the 

development of host regeneration-promoting tissue. Chitosan (5 % DA) seems to be 

an optimal candidate for an outer scaffold as demonstrated here. Without the need of 

any other coating substrates chitosan films allowed adhesion and proliferation of 

various glial cell types and BMSCs demonstrating their characteristic morphology 

and further supported neurite outgrowth from sensory neurons in vitro. The latter 

effect could be increased in presence of a mixed culture of both, SCs and BMSCs 

indicating that they interact in a positive manner and provide a beneficial cellular 

basis for the regrowing axons. Therefore, chitosan films as well as chitosan hollow 

(Haastert-Talini et al., 2013) can be used as guides for regrowing axons.  

To further improve the conditions of our chitosan NGCs, genetically engineered SCs 

and BMSCs can be used as cellular support and simultaneously as a NTF delivery 

system. While genetic modification of SCs was successful with regard to enhanced 

trophic support compared to naïve cells, this was not the case for BMSCs. Naïve 

BMSCs with an unchanged secretome were more efficient in inducing neurite 

outgrowth of sensory DRGs. On the other hand, NTFs conjugated to iron-oxide 

nanoparticles are also a useful tool and a good alternative to genetically modified 

90 
 



 Discussion  
 

cells. Np-NTFs have proved not only a prolonged stability but also a prolonged 

bioactivity especially when compared to the bioactivity of free-recombinant NTFs in 

vitro.  

Furthermore, utilization of hydrogels, such as GG may reveal positive effects on DRG 

neurite outgrowth and cell migration when modified with the adhesion peptide 

GRGDS. It has, however, still to be optimized for further in vitro evaluations or in vivo 

evaluations in advanced models of peripheral nerve injury and repair. NVR-Gel on 

the contrary, showed beneficial results in vitro by supporting numeric neurite 

outgrowth from sensory DRG drop cultures and further promoted neuronal 

differentiation of PC-12 cells. SCs encapsulated in NVR-Gel demonstrated their 

typical spindle shaped morphology which argues for a supporting cellular 

environment. For larger cells such as BMSCs, development of regular cell 

morphology was slightly hampered in NVR-Gel. Therefore tissue-engineered 

chitosan nerve grafts including exclusively genetically modified SCs in NVR-Gel 

delivering increased levels of NTF were tested in a 15 mm sciatic nerve injury model 

(Meyer, Wrobel et al. 2014, submitted).  

What is still open to determine is the optimal concentration of exogenously applied 

NTFs for NGCs, especially when added in combination. A second important aspect 

to handle is how temporal secretion can be managed in future? By means of 

numerous studies which addressed the expression pattern of various NTF during WD 

and axonal regeneration it is meanwhile known that an orchestration of different 

NTFs might be the most successful way to ensure optimal recovery (Boyd and 

Gordon, 2003). GDNF in that context was shown to be increased in response to a 

nerve crush and transection injury already after 3 hrs. A constant elevation of GDNF 

and its co-receptor GFRα-1 is reported with the highest level reached between 7-12 

91 
 



 Discussion  
 

days which is maintained approximately for 14 days (Naveilhan et al., 1997; Xu et al., 

2013). In a former study also FGF-2 was shown to be up-regulated after nerve lesion 

in a rat model. Here, it was found that the expression pattern varied between the 

proximal and the distal site of the lesion indicating precise spatial functions of FGF-2. 

While in DRGs and the proximal nerve end FGF-2 expression was up-regulated 

already 24-48 hrs after nerve transection and further increased until day 7, in the 

distal nerve end after an initial increase FGF-2 was not present thereafter. For the 

former, FGF-2 expression remained stable for approximately 28 days. FGF-2 

localization at the proximal site is interpreted to be of high importance for stimulating 

SC proliferation and the myelination of the regenerating nervous tissue (Meisinger 

and Grothe, 1997). In contrast to that, NGF as another example is described to act in 

two steps. After an initial increase following injury NGF expression is down-regulated 

and thereafter increases again but NGF expression seems also be depended on 

macrophage infiltration into the damaged nerve tissue due to secreted IL-1 (Boyd 

and Gordon, 2003). Other members of the neurotrophin-family, such as NT-3 are 

described to be stable (Allodi et al., 2012) or even down-regulated with a returned 

expression level 14 days later (Funakoshi et al., 1993). These differences need to be 

considered when developing new methods of fine-tuned NTF release. 
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First attempts of combined NTFs release were already tested based on a thermo-

regulated delivery system. In the study from Madduri and colleagues, GDNF and 

NGF were coupled to a collagen conduit that was able to release these NTFs in small 

quantities and ensured a constant availability of defined amounts of NTFs within the 

first days after injury. The results clearly demonstrated improved neurite outgrowth 

and induced SC migration (Madduri et al., 2010a). The idea may help to further 

develop a method that allows a defined thermo-linkage for each single factor, so that 

they can act at different time points similar to their physiological role and with varying 

concentrations released. In a study by Dodla and Bellamkonda the last mentioned 

aspect was treated using another concept. They developed a gradient release of 

NGF and laminin-1 in direction to the distal nerve end. Therefore, they used a 

hydrogel matrix based on agarose, in which laminin was immobilized in defined 

amounts and NGF incorporated. Each gel was consecutively injected into a conduit. 

In the study a step wise release was compared to continuous release in an in vivo 

model using a 2 cm gap of the rat sciatic nerve. The results revealed that temporal 

trophic orchestration is more successful in regeneration support than endless release 

of NTFs (Dodla and Bellamkonda, 2008). 
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Finally, in order to answer the question on which this PhD thesis was based, it has to 

be concluded from the results that: 

• a degree of 5% acetylation of chitosan films or hollow conduits is most 

supportive for the cells types studied 

• the chitosan material supports neurite outgrowth 

• SCs demonstrate an unaltered morphology and better support neurite 

outgrowth in vitro than BMSCs and have still to be considered as most 

suitable for cellular enrichment of NGCs 

• hydrogels which allow neurite outgrowth in vitro may not do so in vivo 

• nanotechnology approaches may help to increase the long-term stability and 

bioactivity of NTFs delivered to NGCs 

Future studies, however, have to be performed to find the optimal combination of 

intraluminal scaffolds, incorporated cells and specific NTF delivery in optimized 

NGCs for long gap peripheral nerve repair. 

. 
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