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ABSTRACT 
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Co-Supervisor: Assoc.Prof. Dr. Gamze Torun Köse 

 
 

January 2009, 161 pages 

 

 

 

Nerve injury is a serious clinical problem that has a direct impact on the 

quality of life. Nerve tissue engineering (NTE) is one of the most promising 

methods in human health care to restore the function of damaged neural tissues. The 

current state of the art involves the construction of a tissue engineered, nano or 

micropatterned 3-D nerve tube that has fibers or channels in the inside. 

The scope of this study is to construct a 3-D, biodegradable nerve tube 

which consists of an aligned, electrospun mat seeded with stem cells that is wrapped 

in a porous micropatterned film which contains support cells. In two separate 

approaches human mesenchymal stem cells (MSCs) and mouse neural stem cells 

(NSCs) were used. In the design with the MSCs, the micropatterned exterior part of 

the nerve tube contained undifferentiated MSCs as support cells and this was 

wrapped around the fibers seeded with MSCs which were induced to neural 

differentiation. In the other case, NSCs differentiated into astrocytes were used as 

support cells seeded on the micropatterned film and the mat was loaded with 

undifferentiated NSCs. Differentiation into neural cells and astrocytes were shown 
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with immunocytochemistry and RT-PCR. The neuron-like MSCs and NSCs were 

shown to express neural marker β-Tubulin III whereas astrocytes expressed glial 

fibrillary acidic protein (GFAP), an astrocyte marker. RT-PCR showed that early 

neural markers, nestin and Nurr 1, were expressed at passage 4 by undifferentiated 

MSCs and by MSCs induced to neural differentiation, while these markers were not 

expressed in undifferentiated MSCs at passages 2 and 3. The cells aligned along the 

axis of the micropattern of the film and along the axis of the fiber on the fibrous 

mat. This behavior was also maintained after construct formation. MTS and 

confocal microscopy revealed that the cells were viable and homogeneously 

distributed over the two parts of the scaffold. This indicates that the construct has a 

potential to be tested in vivo for nerve tissue engineering purposes. 
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Hasar görmüş sinir dokuları yaşam kalitesini etkileyen ciddi bir klinik 

sorundur. Sinir doku mühendisliği hasar görmüş dokunun yenilenmesi ve 

işlevselliğini tekrar kazanmasını sağlamak açısından umut veren bir yöntemdir. 

Günümüzde en güncel yöntem doku mühendisliği metotları kullanılarak içerisinde 

lifler ve kanallı nano ve mikro desenlerlerle yönlendirilmiş üç boyutlu nöral tüpler 

oluşturmaktır. 

Bu çalışmada amaç destek hücreleri içeren gözenekli mikrodesenli 

filmin, kök hücreleri içeren elektroeğirme yöntemi ile elde edilmiş paralel lifsi bir 

yapıya sarılması ile oluşan üç boyutlu, vücutta eriyebilen bir nöral tüp 

oluşturmaktır. İki değişik yaklaşımda hücre kaynağı olarak insan mezenkimal kök 

hücreleri ile fare sinir kök hücreleri kullanılmıştır. Mezenkimal kök hücreleri 

kullanılarak farklılaşmamış kök hücre (destek hücre) ekilmiş desenli filmin sinir 

hücresine farklılaştırılan kök hücrelerinin bulunduğu fiber yapıya sarılması ile 3-
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boyutlu tüp elde edilmiştir. Sinir kök hücreleri kullanıldığında ise destek hücre olan 

astrosit hücrelerini taşıyan desenli yapı sinir kök hücreleri içeren fiber yapıyı 

sarmıştır. Sinir hücresine farklılaşma immün boyama ve RT-PCR teknikleri ile 

gösterilmiştir. Sinir hücresine farklılaşan mezenkimal kök hücreleri ve sinir kök 

hücreleri sinir hücresine özel β-Tubulin III oluştururken, astrosit hücresine dönüşen 

hücreler ise astrosit hücresine özgü GFAP proteini oluşturmuşlardır. Sinir 

hücrelerinde erken aşamada ifade edilen nestin ve Nurr 1 genlerinin dördüncü 

pasajdaki farklılaşmamış mezenkimal kök hücrelerinde ve sinir hücresine 

farklılaştırılan hücrelerde ifade edildiği görülürken, ikinci ve üçüncü pasajdaki 

farklılaşmamış mezenkimal kök hücrelerinde görülmemiştir. Hücrelerin desenli 

filmlerdeki kanallar boyunca ve lifsi yapıdaki lifler boyunca uzandığı görülmüştür. 

Hücrelerin bu davranışı sinir tüpünü oluşturup kültive ettikten sonra da sürmüştür. 

MTS ve konfokal mikroskopisi sonuçlarına göre nöral tüp içindeki hücrelerin canlı 

kalabildiği ve üç boyutlu hücre taşıyıcısının her yerinde dengeli bir şekilde 

bulundukları gözlenmiştir. Elde edilen sonuçlar tasarlanan bu yapının sinir doku 

mühendisliği alanında in vivo uygulamalarda da kullanılma potansiyeli taşıdığını 

göstermektedir.  
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CHAPTER 1 
 

 

INTRODUCTION 
 

 

 

1.1. Physiology of the Nervous System 

 

1.1.1. Organization of the Nervous System 

 

 The nervous system is mainly composed of the central nervous system 

(CNS) and the peripheral nervous system (PNS). The CNS includes the brain and 

the spinal cord, optic, and olfactory and auditory systems. It conducts and interprets 

signals as well as provides excitatory stimuli to the PNS. The PNS consists of 

cranial nerves arising from the brain, the spinal nerves arising from the spinal cord, 

and autonomic nerves that connect to the CNS (Zhang et al., 2005a). Peripheral 

nerves innervate muscle tissue, transmitting sensory and excitatory input to and 

from the spinal column.  

 

1.1.2. Cellular Components of the Nervous System 

 

 The nervous system mainly contains two cell types: nerve cells, also 

called the neurons, and neuroglia. Neurons, the basic structural and functional 

elements of the nervous system, consist of a nucleated cell body (soma) and its 

extensions (axons and dendrites) (Figure 1.1). Clusters of sensory nerve soma, 

known as ganglia, are located just outside the spinal column. Typically, the cell 

body and the dendrites are input zones, where a neuron receives signals from the 

surroundings or other neurons. The axons, conducting fibers, transport impulses 

from the cell body to the axon terminals via propagation of action potentials. At 
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axon terminals, the arrival of action potentials triggers release of neurotransmitters. 

These signaling molecules diffuse across chemical synapses, where the neuron 

forms a junction with the dendrite of another neuron, with a muscle cell or a gland 

cell. In addition, electrical impulse can also be directly passed from axon to axon, 

axon to soma, or from dendrite to dendrite among neurons. Glial cells, or neuroglia, 

include Schwann cells in the PNS and astrocytes and oligodendrocytes in the CNS, 

are supportive cells that aid the function of neurons (Figure 1.2). The glial cells are 

more abundant than neurons, and have some capacity for cell division. Unlike glial 

cells, neurons can not undergo mitosis, they can regenerate a severed portion or 

sprout new processes under certain conditions.  

 

 

 

 

 

 
 

Figure 1.1. Structure of the neuron 

(Enchanted Learning, .enchantedlearning.com/subjects/anatomy/brain/Neuron) 
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Figure 1.2. Types of glial cells in the CNS 

(Owensboro Community & Technical College, 
http://www.octc.kctcs.edu/gcaplan/anat/Notes/API%20Notes%20K%20%20Neurons.htm

1.1.3. Anatomy of the Peripheral Nerve and the Spinal Cord 

) 
 

 

 

 In the PNS, sheaths of living Schwann cells maintain myelination by 

wrapping the axons (Figure 1.3). CNS axons are surrounded by an insulating myelin 

sheath which is formed from dense layers of successive wrappings of the cell 

membrane of oligodendrocytes, instead of Schwann cells. Each cell is separated 

from adjacent ones by a small unsheathed node and the signals jump from node to 

node and this speeds up the transmission of signal along the axon. The propagation 

of the velocity of the nerve impulse is particularly important for those axons that 

extend long distances (up to 1 m). 

 

 

 In many neurons the axons are bundled into cables that provide long-

distance communication between brain and spinal cord and the rest of the body. The 

nerves in PNS are composed of bundled motor and sensory axons in parallel arrays 

in connective tissue and are called the nerve trunk (Schmidt and Leach, 2003). The 
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individual axons and their Schwann cell sheaths are surrounded by endoneurium 

which is composed predominantly of oriented collagen fibers (Figures 1.3 and 1.4). 

Groups of axons are wrapped by the perinerium which is composed of many layers 

of flattened cells (i.e., fibroblasts) and collagen to form fascicles. An outer sheath of 

loose fibrocollagenous tissue, the epineurium, assembles individual nerve fascicles 

into a nerve trunk. The vascularization in these nerves is provided by capillaries 

within the support tissue of the nerve trunk or by vessels penetrating into the nerve 

from surrounding arteries and veins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Anatomy of the PNS 

(Tarleton State University, www.tarleton.edu/~anatomy/nervepix4.html, Muscular 
Dystrophy Association, www.mda.org/publications/quest/q81cmtds.html) 
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Figure 1.4. Histology of human nerve. a) cross section, and b) longitudinal section.  
 

(UCSF School of Medicine, http://missinglink.ucsf.edu/lm/IDS_101_histo_resource) 
 
 
 

 

 

a) 

b) 
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 Within the brain and spinal cord, such bundled-together axons are called 

nerve tracts. Typically, the spinal cord consists of dendrites, axons, and cell bodies 

(Schmidt and Leach, 2003). A gray matter localized in the center of the spinal cord 

is composed of the cell bodies of excitatory neurons, glial cells and blood vessels. 

The gray matter is surrounded by white matter, which provides protection and 

insulation of the spinal cord. White matter consists of axons and glial cells, such as 

oligodendrocytes, astrocytes, and microglia. Oligodendrocytes myelinate the axons 

in the CNS, while astrocytes are active in the blood-nerve barrier, separating the 

CNS from blood proteins and cells. Fascicles, axons in bundles, come out from the 

white matter and then exit the encasing bone of the spinal column. Following travel 

through the PNS-CNS transition zone, nerves enter the PNS.  

 

1.2. Nerve Injury and Regeneration 

 

 Nervous system injuries are commonly seen throughout the world. 

Nerve injuries can occur in the spinal cord, in the central nervous system or, in 

nerve bundles in the peripheral nervous system. Spinal cord injury (SCI) usually 

leads to devastating neurological defects and disabilities. The data published by the 

National Spinal Cord Injury Statistical Center in 2008 showed that the annual 

incidence of SCI, not including those who die at the scene of the accident, is 

approximately 40 cases per million in the U. S. or approximately 12 000 new cases 

each year. It also estimated that the number of patients with SCI in the US was 

estimated to be 225 000 to 288 000 in 2005 (Ackery et al., 2004). Five percent of all 

open wounds in the extremities due to sports and road accidents are complicated by 

peripheral nerve trauma. Moreover, during complicated births, peripheral nerves 

may be disrupted by traction (Van Dijk et al., 2001), the mean incidence of these 

lesions are 0.12% of all births (Kay, 1998). Nearly 50 000 peripheral nerve repair 

procedures were performed in 1995 (National Center for Health Statistics, 1995). 

 Damage to the nervous system by mechanical, thermal, chemical, or 

ischemic factors through crush or transection of nerve tracts can impair various 

nervous system functions such as memory, cognition, language, and voluntary 

movement (Zhang et al., 2005a). These damages bring about the interruption of 
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communication between nerve cell bodies and their targets as well as the disruption 

of the interrelations between neurons and their supporting cells, and the destruction 

of the blood-brain barrier. Among nerve injuries, the most risky is the one in CNS 

which may result in death or permanent disability.  

 A complete nerve transaction is the most severe injury in PNS (Schmidt 

and Leach, 2003). When a nerve is severed, the distal portion starts to degenerate 

because of protease activity and separation from the metabolic resources of the 

nerve cell bodies (Figure 1.5a). The cytoskeleton begins to breakdown, followed by 

the decomposition of the cell membrane. The proximal end of the nerve stump 

swells, but experiences only minimal damage via retrograde degradation. In the 

PNS, support cells help neuronal regeneration (Schmidt and Leach, 2003). 

Proliferating Schwann cells, macrophages, and monocytes work together. They 

remove myelin debris, release neurotrophins, and lead axons toward their synaptic 

targets; as a result they restore neuronal function (Figure 1.5.a). The rate of axon 

regeneration in humans is about 2-5 mm/day; thus severe injuries can take many 

months to heal (Jacobsen and Guth, 1965). However, in the CNS, the few neurons 

that survive axotomy attempt regeneration and subsequently face an impenetrable 

glial scar of myelin and cellular debris, and support cells as astrocytes, 

oligodendrocytes, and microglia. The glial scar may also contain fibroblasts, 

monocytes, and macrophages. Consequently, regenerating neurons in the spinal 

cord are blocked and are not able to reach their synaptic target (Figure 1.5.b). 
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Figure 1.5. Responses to nerve injury in the a) PNS and b) spinal cord (adapted 
from Bahr and Bonhoeffer, 1994) 
 

 

a 
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1.3. Current Clinical Approaches in Nerve Injury Treatment 

 

 Self regeneration of nervous tissue is difficult in severe damages of PNS 

and almost impossible in CNS (Meek et al., 2002, Schmidt and Leach, 2003). End-

to-end anastomosis for small gaps, autologous nerve grafts and biological or 

synthetic conduits are used to bridge the severed nerve ends in PNS injuries 

(Sanghvi et al., 2004). There are a few devices that are now FDA approved for 

relatively short nerve defects, including Integra Neurosciences Type I collagen tube 

(NeuraGen Nerve Guide) and SaluMedica’s SaluBridge Nerve Cuff (Lundborg et 

al., 1997).  

 The autologous nerve grafts, a segment of nerves removed from another 

part of the body, has inevitable disadvantages, such as limited supply of available 

nerve graft materials, permanent loss of the donor nerve function and need for 

multiple surgeries (Millesi, 1991, Terzis et al, 1997). The other options are to use 

allografts and xenografts, but these require immunosuppressive therapy and have 

highly differing success rates (Zalewski and Gulati, 1981, Bain, 2000).  

 The treatment in CNS injuries is more limited; the common treatment is 

the fixation of the spine, and restoration of its normal alignment together with 

surgical decompression in acute spinal cord injury (Samadikuchaksaraei, 2007). It 

has been shown that embryonic spinal cord grafts and peripheral nerve tissue grafts 

aid regeneration of fibers in the CNS; however, the fibers often do not successfully 

grow back across the PNS-CNS transition zone (Carlstedt, 1997). 

 Most of the current treatments can be useful for small defects (several 

millimeters), but they do not address larger nerve injuries. Thus, the burgeoning 

area, the tissue engineering strategies for the nervous system have centered on 

developing alternative treatments to the nerve graft (e.g., guidance channels for 

nerves), especially for larger defects. This approach also improves recovery rates 

and functional outcome. Moreover, tissue engineering efforts are focused on 

making a permissive environment for renewal and providing an interface between 

the CNS and PNS without stitches. 
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1.4. Nerve Tissue Engineering 

 

1.4.1. Concept of Tissue Engineering 

 

 Organ and tissue loss or failure resulting from an injury or any kind of 

damage is a major human health problem (Chen et al., 2002). Transplantation of 

tissue or organ is a standard therapy to treat these patients, but the donor shortage is 

the main problem. The other approaches are surgical reconstruction, drug therapy, 

synthetic prostheses, and medical devices. These are not limited by supply, but they 

have other problems. These problems and limitations have been overcome by the 

development of new biomaterials and alternative therapies. Tissue engineering as a 

promising alternative approach is used to treat the loss or malfunction of a tissue 

without the limitations of current therapies.  

 The fundamental aim of tissue engineering is to replace or restore the 

anatomic structure and function of the damaged, injured, or missing tissue by 

combining biomaterials, cells, biologically active molecules, and/or stimulating 

mechanical forces of the tissue microenvironment (Zhang et al., 2005a). Two 

pioneers of the field, Langer and Vacanti (1993) have defined it as “an 

interdisciplinary field that applies the principles of engineering and the life sciences 

toward the development of biological substitutes that restore, maintain, or improve 

tissue function.” It actually is the process of creating living, physiological, three-

dimensional tissues and organs utilizing specific combinations of cells, cell carriers, 

and a variety of chemical and biological signals (Hasirci and Yucel, 2007). At this 

point extracellular matrix (ECM) needs to be studied, for it is the natural material 

that carries the cells, and that is what a biodegradable carrier needs to mimic. ECM 

consists of proteins (collagen, laminin, fibronectin, etc.) and glycosaminoglycans 

(hyaluronic acid, chondroitin sulfate, heparan sulfate, etc.), is a shelter for cells, and 

forms the scaffold of the tissues. The ECM is not only a surface on which cells 

reside but is an active source of physical and chemical signals influencing cell 

behavior. 

 In tissue engineering approaches 3-D ECMs called scaffolds are 

designed to provide mechanical support, and environmental information, and they 
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guide the cells to form new functional tissues (Kim and Mooney, 1998). The 

scaffolds have to be porous to allow the growth of cells, and to facilitate the 

infiltration and formation of large numbers of blood vessels for nutrient supply of 

the transplanted cells and the removal of waste products. Of a large number of 

scaffolds fabricated from various kinds of materials, a very large fraction is of 

polymeric origin because of their similarity to natural tissues in chemistry and 

physical properties along with their biodegradability, and suitability for 

functionalization and attachment of biosignal molecules. Researchers, therefore, 

incorporate a variety of factors such as the Arg-Gly-Asp (RGD) sequences, a 

minimal sequence required to mediate cell adhesion, the growth factors and the 

surface designs on biodegradable polymeric films and foams. The cell carrier, the 

scaffold, should confer the physical, mechanical, and functional properties of the 

tissue. Overall signals from the substrate and the surrounding environment govern 

the response of the cells and their assembly into desired structures. Consequently, 

the scaffolds are designed to form an appropriate 3D microenvironment for the 

desired cell types, and also to provide mechanical support for new, structurally 

stabilized tissue formation and specific signals to guide the gene expression of 

tissue forming cells. 

 The cell sources used in tissue engineering are: autologous cells (from 

the same individual), allogeneic cells (from a different individual), and xenogeneic 

cells (from another species) (Hasirci and Yucel, 2007). The best cell source for 

tissue engineering is obviously the patient’s own cells, in other words, autologous 

cells, especially because it eliminates the risk of rejection or adverse tissue 

reactions. The problem associated with autologous cells is the questionable state of 

health of these cells and also the limitation in the quantity of cells that could be 

harvested from a patient who probably himself is in need of extra healthy cells. 

Besides, these cells are at an advanced stage of development, and therefore, do not 

have so many cell divisions to go through. The most promising cell source in tissue 

engineering is the stem cells which have a great potential for proliferation and 

differentiation into various cell types. Until recently, it was thought that tissues of 

an adult would not have any stem cells and existence of such cells was only known 
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in embryos and newborn animals. However, stem cell populations were found in 

many adult tissues and even amongst the nerve cells in the mammalian brain. 

 

1.4.2. Ideal Scaffold in Nerve Tissue Engineering 

 

 A typical result of degenerative disease or injury in the nervous system 

is the disruption of the native unidirectional aligned architecture that directs and 

guides developing axons toward their targets (Zhang et al., 2005a). Loss of this well 

designed architecture leads to the disorganization of the axons. The only way to 

restore that architecture is to build a bridge that replaces the lesion gap and has all 

the morphological, chemical, and biological cues needed to mimic the native tissue 

microenvironment. 

 Few axons successfully pass through the lesion site; therefore, patterning 

of guidance cues is an important point to be considered in the design of the bridge. 

Guidance cues include short range cues that reside in cell membranes or ECM, and 

long range cues in soluble form provided by molecules that communicate with the 

growth cones, as neuronal adhesion molecules, and the molecules that are known to 

specifically attract or repel axons, such as netrins, semaphorins, and ephrins (Zhang 

et al., 2005a). The growth cones of the regenerating axons transform attractive and 

repulsive cues into signals which modulate cytoskeletal organization and thus 

determine the rate and direction of axon outgrowth. At the end, the regenerating 

axons reach the targets, and the guidance molecules receive stop signals. The 

elongation is terminated, and then synapses are formed. The functional recovery is 

accomplished by the rearrangement of the synaptic connections into topography 

similar to the preinjury condition. 

 Prior to the emergence of tissue engineering, the bridges for nerve 

regeneration were heavily relied on the use of biomaterials alone (Griffith, 2002). 

The general approach was to shape the bridges into guidance channels with tubular 

structures in order to protect the regenerating axons in the lumen from the external 

environment. These structures were constructed from polymeric materials, both 

from nondegradable polymers such as silicone, polyvinyl chloride, polyethylene, 

expanded polytetrafluroethylene, polyvinylidenefluoride, and biodegradable 
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polymers including poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and 

collagen. The advantage of biodegradable materials is their disappearance from the 

implant site once regeneration has been completed, eliminating the risk of the 

foreign body response and the long-term possibility of infection-related 

complications. The tubular sleeve of a guidance channel can reduce the infiltration 

of fibrous tissue; provide a conduit for the diffusion of neurotrophic factors. 

Moreover, it can lead to increase in the concentration of endogenous proteins inside 

the channel, and serve as a barrier to selectively permit or inhibit the diffusion of 

macromolecules between the device and the surroundings. Conventional strategies 

on the uses of either biomaterials or cells alone have proven inadequate to ensure a 

significant regenerative response from severed CNS axons of the mature nervous 

system. As a result, utilizing tissue engineering approach is a promising one to 

restore the structure and functionality of the damaged nerve. A number of 

engineered substrates accompanied with oriented ECM, cells, or channels have 

displayed potential of supporting axonal regeneration and functional recovery. 

Current attempts are focused on seeking new biomaterials, new cell sources, and 

novel designs of tissue engineered neuronal bridging devices to produce a safer and 

a more efficient nervous tissue repair.  

 The desired physical properties of a nerve conduit are to be 

biodegradable and porous; to have the ability to deliver bioactive factors, such as 

growth factors; to be able to incorporate support cells; to carry an internal oriented 

matrix for cell migration and intraluminal channels to mimic the native nerve 

fascicles; and finally to maintain an electrical activity (Figure1.6). 
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Figure 1.6. Properties of the ideal nerve conduit (Hudson et al., 1999) 

 

 

 

 Biodegradability is an important property in tissue engineering which 

creates space for tissue growth within the construct and eliminates the need for a 

second surgery to remove the implant (Huang and Huang, 2006). The degradation 

rates should be tailored to match that of new tissue formation by altering chemistry 

and components used in the formulation. The scaffold should have adequate 

porosity to promote cell attachment and tissue growth. Incorporation of support 

cells enhances the performance of the tissue engineered conduit. It was reported that 

Schwann cells offer a highly preferred substrate for axon migration and release 

bioactive factors that enhance nerve migration (Geller and Fawcett, 2002). 

Recently, stem cells or nerve progenitor cells derived from various regions of the 

adult or embryonic CNS of mice, rat, and human were tested for nerve regeneration 

application (Gage et al., 1995, Kocsis et al., 2002). The incorporation of growth 
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factors in the conduit should be effective at various levels, from molecular 

interactions to macroscopic tissue responses, results in neural development, 

survival, outgrowth, and branching (Jones et al., 2001). The physical guiding of 

axons across a site of injury via oriented substratum and intralumen channels would 

aid to retain the native organization of regenerating axons and increase the 

functionality of the construct. In addition application of an electric field stimulates 

microtubule disassembly locally along the neurite shaft, which results in a polarized 

rearrangement of the neuronal cytoskeleton (McCaig, 1990). 

 

1.5. Approaches Used in Nerve Guidance 

 

 The cellular behaviors as cytoskeletal organization, orientation and 

migration are affected by ECM topography and its chemical composition 

(Flemming et al., 1999). ECM proteins, fibronectin, laminin, or collagen form 

certain protein networks which displays tissue specific variation (Hay, 1991). 

Cellular response to these networks depends on the composition of ECM. Specific 

cell–matrix interactions between ECM proteins and cell adhesion receptors such as 

transmembrane integrins modulate the organization of the actin cytoskeleton 

(Geiger et al., 2001). Orientation in actin filaments was identified as the preliminary 

event in contact-guided cell alignment (Oakley and Brunette, 1993). The most 

important group for cell adhesion is the RGD sequence, a minimal sequence 

required to mediate cell adhesion to the ECM molecule fibronectin, and has since 

been found to be present in a wide range of molecules, including the blood 

circulating fibrinogen (Ruoslahti and Pierschbacher, 1987, Hasirci and Yucel, 

2007). 

 In most tissues cells are well organized by the aid of ECM, especially in 

the nervous system the cells are either unidirectionally aligned or form networks. 

Thus, the scaffold used in nerve tissue engineering should facilitate the directional 

orientation of cells by topographical or chemical cues as in native tissue. 
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1.5.1. Patterning with Chemical Cues 

 

 Chemical patterning is achieved by immobilization of biological 

molecules mimicking the organization of cells in target native tissue. These 

biological molecules can be ECM proteins such as fibronectin, vitronectin, laminin, 

and collagen or their constitutional motifs such as RGD peptides (Lim and 

Donahue, 2007). Besides biological molecules, patterned nonbiological molecules 

or altered surface chemistry can be effective on cell behavior. Chemical cues, 

whether biological or nonbiological, are biomimetic due to the direct receptor-

ligand binding. The most common chemical cues for nerve guidance involve the 

specific peptide sequence Ile-Lys-Val-Ala-Val (IKVAV) (Wei et al., 2007), poly(D-

lysine) (Nam et al., 2007), and laminin (Thompson and Buettner, 2004, 

Schmalenberg and Uhrich, 2005, Song and Uhrich , 2007). Fibronectin can be an 

alternative chemical cue since it enhances attachment, proliferation, and nerve 

regeneration (Vleggeert-Lankamp et al., 2004). In the presence of chemical cues 

cells sense signals from these patterned molecules that induce specific integrin 

binding (for example, fibronectin-integrin α5β1) (Hynes, 2002). Thus cells 

synthesize focal adhesion proteins (vinculin, paxillin, talin, etc.) that connect to 

cytoskeletons and focal contacts are formed at the integrin-binding sites (Anselme, 

2000). 

 

1.5.2. Patterning via Topographical Cues 

 

1.5.2.1. Commonly Used Techniques for Guidance 

 

 The knowledge accumulated on the cell-ECM and cell-material 

interactions is used in tissue engineering approaches to mimic native tissues in 

architecture and function in the design of the new scaffolds.The scaffolds to be used 

in nerve tissue engineering should be designed to achieve the guidance of cells. For 

this purpose, micro and nano structures are formed on material surfaces using 

various techniques. Such patterned surfaces could be obtained by lithography and 

subsequent transfer methods, or by other methods such as molding, surface grafting, 
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ink jet printing, surface etching, and etc. (Hasirci and Kenar, 2006). Fibrillar 

scaffolds, on the other hand, are generated by pressure-assisted microsyringe, self-

assembling, and electrospinning techniques.  

 

1.5.2.2. Contact Guidance via Micropatterning 

 

 Substratum topography is a nonbiological method of regulating cell 

behavior; however, topography could provide a biomimetic cell-stimulating cue 

(Lim and Donahue, 2007). Cell response to topography is still not clear but it has 

been proposed that cells adapt to physical topographic substrates by conditioning 

growth environments through secretion and modulation of ECM proteins (Chou et 

al., 1995). Synthetic substrates with various desired topographies can be created by 

microfabrication techniques. The most common technique to produce features with 

controlled dimensions and specific shapes is the photolithography (Flemming et al., 

1999) (Figure 1.7). A substrate with a resist, a thin light sensitive polymeric film, is 

exposed to light through a patterned mask. Following this, the irradiated regions are 

either more soluble or less soluble in a developer solvent depending on resist 

chemistry and produce a negative or positive image of the mask. To transfer this 

image in the resist to the substrate, regions which are free of resist are etched with 

KOH to obtain V-shaped grooves, whereas square grooves are produced by reactive 

ion etching. The groove structures with V-shape are used in most of the studies 

related to the interactions between substrate topography and cells such as capillary 

endothelial cells, epithelial cells and gingival fibroblasts (Oakley and Brunette, 

1993 and 1995, Chou et al., 1995, Mrksich et al., 1996). Use of patterned substrates 

is prominent and common in the control of neural cells orientation (Rajnicek et al., 

1997, Mahoney et al., 2005, Goldner et al., 2006, Song and Uhrich, 2007). 
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Figure 1.7. Schematic diagram of the phololithography and the pattern transfer 
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 Many groups have used the photolithography and microfabrication 

techniques to create microchannels or microgrooves. Mahoney et al. (2005) used 

photolithography to deposite polyimide walls (11 µm in height and 20–60 µm in 

width) onto a planar glass substrate. It was revealed that neurites grown from NGF-

stimulated PC12 cells were strongly oriented parallel to channel walls. In another 

study, silicone microchannels (60 µm wide, 50 µm deep, spaced 60 µm apart) were 

produced to study the morphology of dorsal root ganglion cells on these grooved 

substrates (Goldner et al., 2006). A subpopulation of cells unexpectedly developed 

neurites that bridged the channels, spanning 60 µm with no underlying solid 

support. The explanation for this behavior was the formation of bridges as neurites 

extended from a neuron in a groove. The neurites could first contact the wall and 

then continue to extend vertically up the wall, and then the cell body might detach 

from the substrate and form a bridge across the groove. These unexpected cell 

responses were currently investigated by researchers to understand the cytoskeletal 

dynamics of the cells. 

 The dimensions of the micropatterned substrates had a strong effect on 

the behavior of cells, varying with the cell type and cell size. Microgrooved 

substrata of varying dimensions (8 µm groove, 20 µm ridge, and 1 or 2 µm depth) 

were produced to study the effect of topographical cues on the behavior of neurons 

derived from chick embryo cerebral hemisphere (Clark et al., 1990). The shallower 

grooves (1 µm depth) were not effective on the outgrowth of neurites, with the 

growth cones crossing many grooves and ridges. However, on 2 µm deep patterns 

neurite outgrowth was significantly aligned along the groove axis with little 

crossing over the edges. The influence of groove depth on orientation of Schwann 

cells was seen in the study of Hsu et. al. (2005). By fixing the width/spacing of the 

grooves at 10/10 µm, the mean percentage of aligned cells was increased from 12% 

to 26% when the groove depth increased from 0.5 to 1.5 µm. In the same study, 

with the depth of grooves fixed at 1.5 µm, the percentage of aligned cells increased 

from 26% for patterns with width/spacing of 10/10 µm to 41% for patterns with 

20/20 µm. 

 Polystyrene substrates were prepared on patterned silicon wafers by 

solvent casting (Recknor et al, 2004). Like in most of the studies, the effect of 
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physical cue (micropatterns) on behavior and morphology of cells improved with 

chemical cue laminin adsorption. The results showed that of the over 85% 

astrocytes aligned parallel to the groove axis. In later studies Recknor and 

colleagues showed that the substrate topography, in synergy with chemical 

(laminin) and biological (astrocytes) guidance cues, resulted in oriented growth of 

astrocytes, and accelerated the neurite outgrowth and alignment in vitro (Recknor et 

al., 2005). These cues also facilitated the neuronal differentiation and promoted the 

neurite alignment on topographically distinct regions of the same substrate 

(Recknor et al., 2006). 

 The use of biodegradable polymers in creating patterned surfaces makes 

them suitable for use in tissue engineering as implantable materials (Patel et al., 

1998). Biodegradable polymers degrade to low molecular weight biocompatible 

products and are gradually replaced by the growing tissue to help produce a proper 

and fast healing tissue (Hasirci and Yucel, 2007). The rate and mode of degradation 

can be controlled by type and combination of polymers to suite the target tissue. 

 

1.5.2.3. Contact Guidance via Electrospinning 

 

 Electrospinning is a simple process that essentially employs electrostatic 

forces to produce versatile polymeric nano-fibers ranging in diameter from a few 

microns down to tens of nanometers (Murugan and Ramakrishna, 2007). This top-

down approach is also very cost effective. Even though Zelency is the first 

researcher who introduced this technique in 1914 (Zelency et al., 1914), Formhals 

developed the technique, and obtained several patents in the 1930s and 1940s 

(Formhals, 1934, 1939, 1940, 1943, 1944). Recently, electrospinning technique has 

been widely applied in tissue engineering to produce fibrous scaffolds with most of 

the structural features required for cell growth and succeeding tissue organization. 

Compared to conventional scaffold preparation techniques electrospinning offers 

many advantages such as production of ultra fine fibers with spatial orientation, 

high surface area, and controlled pore geometry (Murugan and Ramakrishna, 2007). 

These favorable characteristics directly affect cell adhesion, cell expression, and 

transport of oxygen and nutrients to the cells, therefore, they could be considered to 
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achieve better cellular growth functions in vitro and in vivo (Li et al., 2002). The 

electrospun fibrous scaffolds serve as a good cell carrier and provide spatial 

environment for the new tissue growth with appropriate physiological functions. 

 The electrospinning system is schematically illustrated in Figure 1.8. 

Three major components of the system are: (i) a syringe containing viscous polymer 

solution, (ii) a grounded metallic collector, and (iii) a high voltage power supply. 

The polymer solution can be fed at a constant and controllable flow rate by the aid 

of a syringe pump. The collector is positioned right below or opposed to the 

syringe, with an appropriate distance. The principle of electrospinning is to draw 

polymer solution in an electric field (Ma et al., 2005a). Upon high voltage (10–20 

kV) application, a pendent droplet of the polymer solution at the tip of the needle of 

the syringe is charged. This allows the droplet to deform into a cone shape, known 

as Taylor’s cone (Taylor, 1969) by two electrostatic forces as electrostatic repulsion 

between the surface charges of the droplet and Columbic force exerted by the strong 

external electric field (Yarin et al., 2001). Thus, when a sufficient surface charge is 

generated to overcome the surface tension in a pendant drop of the polymer fluid, a 

fine charged polymer jet is forced to eject from the tip of the Taylor cone (Murugan 

and Ramakrishna, 2007). This polymer jet then moves toward the metallic collector, 

accompanied by rapid evaporation of the solvent of the polymer solution, and 

collected as a mat composed of fibers, nano or several micron sizes in diameter. In 

tissue engineering the scaffolds having different fiber diameters are required 

depending on the tissue. The diameter of the electrospun fiber can be controlled by 

adjusting certain parameters like polymer concentration, flow rate of the polymer 

solution, solvent conductivity, the distance between two poles (tip of needle and the 

collector), applied potential and temperature, and so on. 

 Different types of fiber collectors are available according to the desired 

fiber’s spatial orientation (aligned and random) (Ma et al., 2005a). The static, plate-

type collectors are used to obtain a randomly oriented nonwoven fiber matrix fibers, 

while for aligned nanofiber matrixes the rotatable cylinder or disc type collector are 

commonly used (Murugan and Ramakrishna, 2007). The recently used approach to 

producing aligned electropsun fibers is the use of frame collector or collecting 

fibers between two parallel electrodes. Li and Xia (2004) produced polymeric and 
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ceramic nano-fibrous assemblies by the use of a collecting substrate consisting of 

two pieces of electrically conductive materials separated by an insulating gap whose 

width could be a few micrometers to centimeters. When the electric field is applied, 

the charged nanofibers are stretched and align themselves perpendicular to the gap. 

To obtain aligned fibers is rather complicated and various parameters affect the 

fiber orientation such as the rotational speed and shape of collector, the 

concentration of polymer solution, the polymer molecular weight, the surface 

tension, the conductivity, the dielectric constant of the solvent, the strength of the 

electric field, as well as the environmental conditions such as relative humidity and 

temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. A schematic presentation of the electrospinning system 

 

 

 

 It is challenging to fabricate a scaffold which is composed of precisely 

uniaxially oriented, electrospun fibers to restore the damaged nerve by mimicking 

the native architecture of nerve tissue, because directional cell growth is a 

prerequisite for functional nerve regeneration. Indeed the aligned electrospun fibers 
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are potentially ideal for neural tissue engineering since the cell orientation, 

phenotypic expression, and other neuronal cellular behaviors are affected by the 

fiber orientation of the scaffolds. It was reported by Yang et al. (2005) that, the 

well-aligned, PLLA nano fiber orientation predominantly controls the directional 

cell growth. Neural stem cells elongated and their neurites outgrew along the 

direction of the fiber orientation, which shows the importance of spatial orientation 

of the fibers for the cellular growth behavior. It was found that the fiber diameter 

did not show any significant effect on the cell orientation, while it was effective on 

NSC differentiation. The rate of differentiation was higher on nanofibers compared 

to microfibers, but independent of the fiber alignment. In another study, it was 

noticed that aligned poly-caprolactone (PCL) and collagen/PCL (C/PCL) 

nanofibers, produced by electrospinning, supported oriented neurite outgrowth and 

glial migration from dorsal root ganglia explants (Schnell et al., 2007). Kim et al. 

(2008) mentioned that the aligned fiber-based polymer constructs, serving as sub-

micron scale topographical cues, facilitated the regeneration of peripheral nerves 

(both sensory and motor nerve) across long nerve gaps (17 mm) in the absence of 

exogenous growth promoting proteins. In a recent study, the electrospinning 

parameters such as collection disk rotation speed, needle size, needle tip shape, and 

syringe pump flow rate were precisely optimized to obtain highly aligned PLLA 

electrospun fibers (Wang et al., 2009). It was reported that these aligned PLLA 

fibers, guided neurite and Schwann cell growth along the axis of fibers. Thus, all 

studies recommend the highly aligned electrospun fibrous scaffolds as the cell 

carrier in nerve tissue engineering. 

 

1.6. Cell Sources Used in Nerve Tissue Engineering 

 

1.6.1. Stem Cells 

 

 Stem cells have extensive self-renewal capacity and are able to provide 

additional undifferentiated stem cells (Choumerianou et al., 2008). Stem cells are 

ideal promising candidates to be used in regenerative medicine, tissue engineering, 

and cell replacement therapies with their ability to differentiate into one or more 



 

24 

committed descendants, including fully functional mature cells. Stem cells were 

classified according to their origin, as embryonic, germinal, or somatic (fetal or 

adult).  

 

1.6.1.1. Embryonic Stem Cells 

 

 Embryonic stem cells (ESCs), which are derived from blastocyst stage 

embryos, have an extensive in vitro proliferative capacity in undifferentiated state 

and have a potential to differentiate into various types of cells from all the three 

germ layers, endoderm, mesoderm and ectoderm. However, there are ethical and 

practical issues, like formation of teratoma when implanted into the body in an 

undifferentiated form, and triggering of immune response, related with their use in 

humans (Denker, 2006). 

 ESCs have the intrinsic capacity to form all cell types of the nervous 

system using the appropriate developmental cues, which points out to the possibility 

of reconstructing the neural development pathway starting with ESCs in vitro 

(Gottlieb and Huettner, 1999, O’Shea, 1999). In general, the initial step of 

differentiation is embryoid body (EB) formation. When ESCs are cultured on a 

nonadhesive substrate in leukemia inhibitory factor (LIF)-free expansion medium, 

they form small aggregates of cells called EBs in the form of hanging drops. On the 

4th day of culture the stem cells differentiate into a complex mixture of ectodermal 

and mesodermal progenitors, and then further culturing forms a complex mixture of 

terminally differentiated cells including heart, muscle, blood, and neurons among 

others. Retinoic acid (RA), a potent form of vitamin A, is effective in cell 

differentiation and homeostasis, and also is used in directing the early 

differentiation events in ESCs predominantly toward endodermal and 

neuroectodermal lineages (Campione-Picardo et al., 1985, Soprano et al., 2007). 

Spontaneous differentiation of EBs forms only a small fraction of neural lineage 

cells. To promote neural differentiation, RA is added at the end of 4 days of ESC 

culture, and then followed by 4 days of additional culture in the presence of RA 

(Bain et al., 1995 and 1998). It was observed that the great majority of cells 

differentiate into neural lineage cells. In order to differentiate further into neurons, 
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astrocytes, and oligodendrocytes, RA-induced EBs are dissociated and then plated 

on an adhesive substrate (Bain et al., 1995, Finley et al., 1996, Liu et al., 2000).  

 

1.6.1.2. Mesenchymal Stem Cells 

 

 Adult stem cells, either hematopoietic or mesenchymal, have an inherent 

tendency to differentiate only into the cells of the tissue that they were isolated 

from. However, the growing number of research present data about their 

transdifferentiation into tissues different from their origin (Verfallie et al., 2002, 

Serafini and Verfaillie, 2006). These cells can be isolated not only from bone 

marrow but also from many other adult tissues such as umbilical cord, adipose 

tissue, etc. Bone marrow (BM) is considered a common source of autologous adult 

stem cells, however, its collection from the donor is not simple and it is not 

practical as a routine method. The umbilical cord blood is a good source for 

mesenchymal stem cells (MSCs), but it is usually poorer in MSCs compared to 

bone marrow (Wexler et al., 2003, Yang et al., 2004). Placenta and umbilical cord 

matrix (Wharton’s Jelly), are readily available tissues that house MSCs (Wulf et al., 

2004, Portman-Lanz et al., 2006, Weiss et al., 2006), however, isolation of MSCs is 

easier from Wharton’s Jelly (WJ) through explant culture (Mitchell et al., 2003) or 

by enzymatic digestion (Wang et al., 2004, Weiss et al., 2006). BM and WJ MSCs 

can differentiate into osteoblasts, chondrocytes and adipocytes (Wang et al., 1997, 

Romanov et al., 2003, Mauney et al., 2005, Marolt et al., 2006). Their potential to 

differentiate into neurons, glial cells, cellular lineages that are not their normal 

destiny, was reported in many studies on their use as a cell source for the treatment 

of neural malfunctions (Woodbury et al., 2000, Kohyama et al., 2001, Sanchez-

Ramos et al., 2001, Kim et al., 2002, Jeong et al., 2004, Cho et al., 2005, Kondo et 

al., 2005, Tao et al., 2005, Tropel et al., 2006).  

 MSCs from BM (Kim et al., 2002, Tondreau et al., 2004, Bossolasco et 

al., 2005, Cho et al., 2005, Tao et al., 2005, Mareschi et al., 2006, Krampera et al., 

2007), adipose tissue (Zuk et al., 2002, Kokai et al., 2005), umbilical cord blood 

(Buzanska et al., 2002, Jeong et al., 2004, Kang et al., 2006, Park et al., 2006), 

umbilical cord matrix (Mitchell et al., 2003, Ma et al., 2005b, Fu et al., 2006) were 
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induced to proliferate and differentiate into glia and neurons besides cells of 

mesodermal origin. Even though the differentiation mechanism of transplanted 

MSCs in engrafted tissue is not clear, several in vivo studies showed that MSCs can 

migrate and differentiate into astrocytes and neurons depending on the extracellular 

matrix and signal molecules in their environment (Kopen et al., 1999). MSCs can be 

differentiated into neuron-like cells under in vitro conditions in the presence of 

some inducing agents such as retinoic acid alone or in combination with growth 

factors (Sanchez-Ramos et al., 2001, Kim et al., 2002, Kondo et al., 2005, Cho et 

al., 2005) beta-mercaptoethanol (BME) and/or dimethylsulfoxide (DMSO) 

(Woodbury et al., 2000, Jeong et al., 2004, Tao et al., 2005), and 5-Aza-C 

(Kohyama et al., 2001). Some in vitro studies claim that the neural induction of 

MSCs with cytotoxic chemicals, such as BME or DMSO/butylated hydroxy anisole, 

is a transient event as a cell shrinkage and actin cytoskeleton retraction in response 

to chemical stress, not a real differentiation (Lu et al., 2004, Neuhuber et al., 2004, 

Bertani et al., 2005). However, most of the researchers have shown the 

transdifferentiation of MSCs into neurons and glial cells under in vitro conditions, 

and the recent studies have shown the functionality of these neurons (Cho et al., 

2005, Tropel et al., 2006). In order to obtain functional mature neurons or glial 

cells, the molecular mechanism of neural differentiation of MSCs needs to be 

clarified. The expression of early neural markers such as nestin, Pax6, Nurr1 

supports the differentiation capacity of MSCs into neurons and glial cells (Tondreau 

et al., 2004, Blondheim et al., 2006). Studies on multipotency of adult MSCs have 

revealed that undifferentiated MSCs of human, rat and mouse origin express 

neuroectodermal marker genes (Woodbury et al., 2000, Tondreau et al., 2004, 

Bossolasco et al., 2005, Kondo et al., 2005, Wislet-Gendebien et al., 2005, 

Hermann et al., 2006). Moreover, Blondheim and colleagues (2006) revealed a 

broad selection of neural genes expressed by undifferentiated human MSCs of bone 

marrow origin, indicating that these cells already possess neural features; or 

alternatively, stem cells express a wide range of genes at a low and nonfunctional 

level, and some of them are upregulated upon differentiation to certain cells, while 

some other (nonspecific) genes are downregulated. Most of the studies indicated 
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that MSCs have a capability to transdifferentiate into neurons or glials upon 

induction with appropriate combinations of growth factors and chemical stimulants. 

 

1.6.1.3. Neural Stem Cells 

 

 Undifferentiated, multipotent neural stem cells (NSCs) have an inherent 

ability for extensive self-renewal, thus under appropriate conditions they can 

proliferate for a long time in culture and are often cultured as neurospheres (Filippis 

et al., 2007). Under certain conditions NSCs can give rise to the three cell lineages 

of the CNS: (i) neurons, (ii) astrocytes, and (iii) oligodendrocytes. Stem cells or 

nerve progenitor cells have been isolated from various regions of the adult or 

embryonic CNS of mice, rat, and humans for nerve regeneration applications (Gage 

et al., 1995, Kocsis et al., 2002). It was reported that stem-cell-like precursors 

which are capable of driving neurogenesis and gliogenesis are found in the 

specialized CNS germinal niches, in the ganglionic eminence(s) in the embryo, as 

well as in the subventricular zone (SVZ) of the lateral ventricles and the 

subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) in the adult (Gage, 

2000, Doetsch, 2003). The maintenance and differentiation of NSCs in brain niches 

is controlled by their physical contact with the basal lamina (Mercier et al., 2002). 

The basal lamina modulates cytokines and growth factors derived from local 

fibroblasts, macrophages and pericytes and also acts as a scaffold. The inherent 

plasticity of NSCs has suggested replacing them with the cells in the mammalian 

CNS. Indeed, it was shown in some studies that stem cells implanted into injured 

spinal cord differentiate into neurons and glial cells (Chow et al., 2000, Cao et al., 

2001). Considering their preferential differentiation to neural cell lineages, NSCs 

and neural progenitor cells also constitute a potential cell source to be used in nerve 

tissue engineering (Yang et al., 2005, Recknor et al., 2006). 

 

1.6.2. Mature Cells 
 

 The most common cell sources used in nerve guidance studies are 

Schwann cells (Eguchi et al., 2003, Thompson and Buettner, 2004), astrocytes 
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(Recknor et al., 2004, Nam et al., 2007), dorsal root ganglion cells (Schnell et al., 

2007, Song and Uhrich, 2007) and PC12, a model cell line (Mahoney et al., 2005) 

in neural cell investigations. Schwann cells produce structural and adhesive ECM 

molecules such as laminin and collagen, and synthesize neurotrophic molecules 

(NT-3, NGF, BDNF, CNTF, and FGF) to promote nerve regeneration (Tonge and 

Golding, 1993, Martini, 1994). They form an endoneurial sheath to direct axonal 

growth, participate in clearing debris and enable a suitable environment for nerve 

growth, and myelinate axons (Bunge, 1994). Schwann cells were important in 

leading peripheral axons to the distal nerve stump and in synapse formation (Son et 

al., 1996). Many researchers were interested in the ability of Schwann cells to 

promote nerve regeneration (Cebellos et al., 1999, Jones et al., 2001). Even though 

there are still some drawbacks of Schwann cell use like immunogenicity, their 

survival time, donor site morbidity, etc., these cells are the most commonly used 

cells in nerve tissue engineering applications especially for PNS injuries, and even 

for CNS nerve tract repair (Thompson and Buettner, 2001, Rutkowski et al, 2004, 

Novikova et al., 2008). Like Schwann cells, the other support cell, astrocytes are 

also commonly used as biological cues to provide a permissive environment for the 

regeneration of axons in nerve tissue engineering. Astrocytes, as neuroglial cells of 

the CNS, support the proliferation, survival, and maturation of developing neurons, 

as well as guiding the migration of growing axons (Recknor et al., 2004). They are 

also involved in the integration of neuronal inputs and modulation of synaptic 

activity. The mature astrocytes can also participate in the induction of neurogenesis 

from adult neural stem cells (Song et al., 2002).  

 

1.7. Applications in Nerve Tissue Engineering 

 

 The current clinical gold standard in repairing larger nerve defects (20 

mm or longer in humans) is to use nerve autografts (Bellamkonda, 2006). However, 

the disadvantages and the clinical outcomes of autograft use create a critical need 

for engineered alternatives. Autografts are limited by a shortage of donor nerves, a 

mismatch of donor nerve size with the recipient site, and occurrences of neuroma 

formation. Many groups have constructed 3-D nerve guides to enable the nerve 
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regeneration across the lesion gap, but only some of them were approved by the 

Food and Drug Administration (FDA) (USA) for surgical use such as GEM 

Neurotube Nerve Conduit composed of Polyglycolic acid (Synovis Micro 

Companies Alliance (St. Paul, MN), 1999), SaluBridge Nerve Cuff composed of 

Polyvinyl alcohol (Salumedica LLC (Atlanta, GA), 2000) and collagen based 

NeuraGen Nerve Guide (Integra Lifesciences Corp. (Plainsboro, NJ), 2001). Nerve 

guides derived form synthetic and biological materials without any cell 

incorporation have exhibited key advances toward functional nerve regeneration. 

However, a comprehensive knowledge in the dynamic interactions among neurons, 

their support cells, and their 3D ECM surroundings enable to develop an innovative 

nerve guide which addresses the requirements to regenerate structural and 

functional normal nerve. To enhance regeneration across nerve gaps, the growth 

permissive guided scaffolds should be accompanied with topographical cues via 

fabrication of patterned or fibrillar structures, chemical cues via immobilization of 

neurostimulatory ECM proteins or peptides (typically laminin1 or its fragments like 

IKVAV sequence), addition of trophic factors (bFGF, NGF or BDNF), and 

biological cues via incorporation of support cells as glial cells and Schwann cells 

(Bellamkonda, 2006). Moreover, the use of mature neurons or especially the stem 

cells can improve the healing process of the damaged nerve. These fundamental 

approaches have been used individually or as a combination of some of them in 

nerve tissue engineering applications. The synergistic influence of combining some 

approaches has been found to be more effective than individual cues in nerve 

guidance, but it is not easy to satisfy all the conditions indicated above. 

 Among the tissue engineered designs proposed for neuronal bridging 

devices, the ones using contact guidance via physical cues are among the most 

promising. In nerve injury the initial response is axonal sprouting which results in 

either abortive regeneration, misdirection, or in neuroma-like formation upon 

contact with the scar. This problem can be solved by incorporation of matrices into 

the lumen of the guidance channel to improve the organization of the regeneration 

environment. Indeed this approach provides topographic guidance cues with 

unidirectional aligned textures to facilitate unidirectional outgrowth of the 
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regenerating axons. Thus, an entubulation configuration of bridging device is one 

practical application of the contact guidance concept.  

 The construction of minichannel entubulation device was the pioneering 

study in nerve tissue engineering area (Winn et al., 1989). A random copolymer of 

acrylonitrile and vinylchloride (PAN–PVC) based semipermeable, nondegradable, 

hollow fiber membranes were seeded with Schwann cells. Both myelinated and 

nonmyelinated regenerating axons were found in the midpoint of the channel. Some 

of the regenerating axons were able to pass across the bridge-host interface and 

reach the host CNS environment. 

 The guidance potential of a nerve entubulation bridging device was 

enhanced by fabricating hollow fiber membranes (HFM) with aligned texture on the 

inner surface (Zhang et al., 2005b). In vitro studies of dorsal root ganglion cells 

showed that both the alignment and outgrowth rate of regenerating axons improved 

significantly on HFMs with aligned textures compared to those on HFMs with a 

smooth inner surface.  

 In one study, a porous tubular scaffold with desired mechanical 

properties and controllable inner structure was obtained by a novel method (Wang 

et al., 2006). Chitosan fiber-based hollow tubes, which served as the outer wall of 

the scaffolds, were produced through an industrial knitting process. On the other 

hand, the inner matrices with multiple axially oriented macrochannels and radially 

interconnected micropores were developed by an innovative molding technique. In 

vitro studies showed that differentiated Neuro-2a neuroblastoma cells grew along 

the oriented macrochannels and the presence of interconnected micropores provided 

the nutrient diffusion and cell ingrowth to the inside of the scaffold. The other 

chitosan based scaffold was fabricated by novel molds and a thermally induced 

phase-separation technique to obtain multimicrotubule conduits (Ao et al., 2006). In 

vitro studies showed that these conduits have a suitable mechanical strength, 

microtubule diameter distribution, porosity, swelling, biodegradability, and nerve 

cell affinity (to mouse neuroblastoma cell line). 

 Valmikinathan et al. (2008) constructed a poly(lactide-co-glycolide) 

(PLGA) microsphere-based spiral scaffold with a nanofibrous surface obtained by 

electrospinning. According to in vitro studies carried out with Schwann cells 
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showed that the nanofibrous spiral scaffolds enhanced cell attachment and 

proliferation compared to contemporary tubular scaffolds or nanofiber-based 

tubular scaffolds.  

 A hydrogel scaffold of well-defined geometry with peptide modified 

longitudinal channels was constructed to enhance cell adhesion and neurite 

outgrowth (Yu and Shoichet, 2005). By incorporation of laminin-derived 

oligopeptides, CDPGYIGSR and CQAASIKVAV, as the chemical cue, the scaffold 

enhanced neural cell adhesion and guided neurite outgrowth of dorsal root ganglia 

neurons relative to non-peptide modified controls.  

 A resorbable, semipermeable nerve guide conduit with microstructured 

internal polymer filaments was constructed to mimic the bands of Büngner, which 

function as guides for regrowing axons (Lietz et al., 2006). Schwann cell orientation 

and the growth of dorsal root ganglia axons were directed with longitudinal 

microgrooves. Incorporation of Schwann cells was also seen in the study of 

Hadlock et al. (2000) in an attempt to design an efficient neural guidance conduit. A 

biodegradable polymer conduit was composed of longitudinally aligned channels 

which facilitated the adherence of Schwann cells through the increase in available 

surface area in comparison to a simple hollow conduit. In vivo studies demonstrated 

the presence of neural regeneration in each of the longitudinally-aligned channels. 

The effect of biological cue was clearly shown in the study carried out by Novikova 

et al. (2008). A biodegradable poly(β-hydroxybutyrate) (PHB) tubular conduit was 

used as a scaffold. When plain PHB conduit was transplanted into the injured spinal 

cord, it was well-integrated into posttraumatic cavity and induced modest astroglial 

reaction. Moreover, the axon regeneration was seen mainly outside the PHB with 

only single fibers crossing the host-graft interface. However, in the scaffolds 

supplemented with Schwann cells, neurofilament-positive axons filled the conduit 

and became associated with the implanted cells.  

 For the treatment of CNS, NSCs and a biologically derived polymer, 

collagen, were combined (Ma et al., 2004). The collagen-entrapped NSCs expanded 

and efficiently generated functional, excitable, polar neurons. This study is very 

important as being the first demonstration of CNS stem cell-derived functional 

synapse and neuronal network formation in a 3D scaffold. 
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 Since they are closer to the natural tissue the development of 3D 

scaffolds is required to replace or restore the nerve gap. However, the ideal 

constructs involve distributing 2D-like substrates/surfaces in 3D space because the 

neurite extension on 2D surfaces is generally better than the cells embedded in 3D 

substrates (Bellamkonda, 2006). Gomez and Letourneau (1994) demonstrated the 

preference of the growth cones to follow 2D substrates. The peripheral and central 

primary neurons (DRGs, retinal ganglia) as well as cell lines (PC 12 cells) sink to 

the bottom of the well and always extend the longest processes upon culturing in 3D 

scaffolds such as collagen, agarose, agarose derivatized with Laminin-1, and 

etc.(unpublished data) (Bellamkonda, 2006). As a result, distributing micron- or 

nano-sized growth permissive structures like fibers or films in 3D scaffolds by 

providing a 2D surface for regenerating axons was suggested. However, while 

maximizing the guidance cues with the use of fibers, maximizing the total cross-

sectional area that is physically available to the regenerating nerve without 

obstruction by the thick embedded fibers should be considered in the design of ideal 

3D scaffold.  

 

1.8. Aim and the Approach of the Study 

 

1.8.1. Aim 

 

 The ultimate aim of this study was to develop a porous and tubular nerve 

guide from a biodegradable polymer to facilitate the regeneration of nerves across 

long nerve gaps formed upon injury. For this purpose, a 3D nerve tube composed of 

aligned stem cells on an oriented electrospun fibrous mat wrapped in a porous, 

micropatterned film was constructed. Human MSCs and mouse NSCs were used as 

the cell source.  

 

1.8.2. The Approach of the Study  

 

 The present study has a unique approach in its experimental design. In 

literature most groups constructed an integral 3D scaffolds as porous hollow tubes 
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or tubes with intraluminal channels. In this study the final scaffold is composed of 

two 2D surfaces to enhance cell attachment and growth. Thus, the difficulty in cell 

seeding and growing in 3D scaffolds was overcome by seeding cells on the exterior 

and interior of the scaffold separately as a 2D surface. Thus, the whole structure has 

a guiding property with aligned fibers and patterned film as suggested by 

Bellamkonda (2006) to maximize the guiding cues. The tubular structure was 

constructed after culturing cells on these surfaces for a while to maintain cell 

growth and differentiation. This idea is important in differentiation step. The stem 

cells on one of the surfaces had to stay in undifferentiated form while the cell on the 

other surface had to differentiate, as a result the applied differentiation protocol 

should not affect the cells which had to stay in undifferentiated form. In the current 

studies, most groups try to maintain guided neurite outgrowth in the presence of 

support cells, however, in this study stem cells were used besides support cells. The 

stem cells in the interior part of the scaffold are induced to grow and differentiate 

by the help of aligned support cells which face the inside of the tube wrapping the 

nanofibers. The other important characteristic of this study is that in one application 

the whole construct is populated with stem cells. Neural stem cells or progenitor 

cells were used in 3D nerve constructs (Ma et al., 2004) but the use of isolated 

human MSCs in 3D nerve constructs is unique. Hence, the tissue engineered 

construct designed in this study could alleviate some drawbacks or deficiencies in 

current nerve constructs and will potentially be used in nerve regeneration. 

 In this study, human MSCs were seeded separately on each the 

components of the construct. The support cells on the patterned films were cultured 

with expansion medium without any differentiation, while MSCs on the aligned 

fibers were induced with neurological stimulants. After separate culturing for 7 

days, the patterned film with MSCs on it was wrapped around the electrospun mats 

which were loaded with MSCs induced to neuron differentiation. It was aimed that 

the aligned support cells would aid the alignment, growth and the complete 

differentiation of the cells on the electrospun fibers.  

 The other cell source, mouse NSCs, were seeded separately. In this case, 

NSCs seeded on the patterned films were differentiated into astrocytes as support 

cells, whereas the NSCs on the electrospun mats were kept as undifferentiated 
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NSCs. Following 9 days of culture, tubular structure was formed by rolling the 

patterned film containing astrocytes over NSCs on the electrospun mats. In this 

design, it was aimed that the aligned astrocytes on the film would serve as a growth 

and differentiation factor supply for NSCs besides enhancing their alignment on the 

electrospun mats. 

 The synergistic effects of combination of the topographical cues 

(macropatterned film and electrospun fibers), the chemical cues (laminin or 

fibronectin coating), and the biological cues (support cells on the exterior part of the 

tube) was expected to make this construct an ideal 3-D scaffold to be used in nerve 

tissue engineering. 
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CHAPTER 2 
 

 

MATERIALS AND METHODS 
 

 

 

2.1. Materials 

 

 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV5 containing 5% 

by mole of 3-hydroxyvalerate) was purchased from Aldrich Chem. Co. (UK). 

Poly(L-lactide-co-D,L-lactide) (P(L-D,L)LA) (70:30) and poly(DL-lactide-co-

glycolide) (PLGA) (50:50) were obtained from AppliChem (Germany) and 

Boehringer Ingelheim Pharma KG (Germany), respectively. The cell source was 

mouse Balb C strain neural stem cell line (CRL-9392) and was purchased from 

American Type Cell Collection (ATCC). Dulbecco’s Modified Eagle Medium:F12 

(DMEM:F12), chemically defined lipids (CDL) and trypsin inhibitor were 

purchased from Gibco. DMEM Low and DMEM High Glucose, α-MEM, F12 

Nutrient Mixture media, Fetal Calf Serum (FCS), Penicillin/Streptomycin 

(Pen/Strep) solution were the products of HQClone. Trypsin-EDTA (0.25%), 

glutaraldehyde, cacodylic acid (sodium salt), human transferrin, sodium selenite, 

bovine insulin, laminin1, all trans-retinoic acid (AT-RA), valproic acid (VA), 

forskolin were obtained from Sigma (USA). Epidermal growth factor (EGF) and 

fibronectin were the products of Roche (Germany). MTS kit was obtained from 

Promega Corporation (USA). Alexa Fluor 488 phalloidin and DAPI were obtained 

from Chemicon (USA). All primary antibodies for flow cytometry analysis were 

purchased from BD Biosciences except anti-CD105 (Serotec, USA) and anti-

CD133 (Miltenyi Biotech, USA).  
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2.2. Methods 

 

2.2.1. Polymeric Scaffolds 

 

2.2.1.1. Preparation of Micropatterned Films 

 

 Micropatterned (MP) silicon (Si) templates (angle of inclined walls: 

54.7o (A4) or perpendicular walls: 90o (B1)) were produced by photolithography 

and subsequent chemical wet etching and reactive ion etching techniques to produce 

V-shaped and square grooves, respectively (kindly provided by Prof. A. Aydınlı and 

A. Kocabaş, Bilkent University, Ankara).  

 The pattern on the wafer was designed by Wavemaker Mask Drawing 

Editor. The obtained GDS II electronic file was transferred to mask producer and 

then the mask was produced on chrome coated quartz plates. As a wafer platform, 

generally single crystal pieces were used and in case gallium arsenide pieces were 

used. Thin films of SiNx and SiOx were deposited on the wafers by Plasma 

Enhanced Chemical Vapor Deposition (PECVD) technique. Following chemical 

cleaning, UV sensitive photo-resist films were coated on the wafers. The pattern on 

the mask was transferred onto the photoresist film on the wafers upon exposure to 

UV. The Si wafers with its photoresist film were placed in KOH solution and the 

bare Si parts were etched by chemical wet etching technique down to the desired 

depth. Lastly the remaining photoresist film was removed by acetone and the 

template having V-shaped grooves (A4) were ready to use. The Si wafers with 

square grooves (B1) were obtained by reactive ion ething instead of the KOH 

etching. 

 In order to investigate the effect of topography of polymeric films on the 

cell behavior, templates with different wall angles and ridge widths were used. The 

representative cross-section of the templates is shown in Figure 2.1 and the 

dimensions of the produced templates are given in Table 2.1. The original design 

was in the dimensions of ridge width: 2 and 10 µm, groove width: 2 and 10 µm, and 

groove depth: 30 and 5 µm for A4 and B1, respectively, but experimentally could 

not be exactly matched. 
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RW: Ridge Width, GW: Groove Width, GD: Groove Depth 

 

Figure 2.1. The representative cross-section view of the templates 

 

 

 

Table 2.1. The dimensions of the patterns on the wafers 

 

Walls Code 
Wall Angle 

(0) 

Ridge Width 

(µm) 

Groove Width 

(µm) 

Groove Depth 

(µm) 

IW A4 54.70 2 1 30 

PW B1 90.00 5 14 5 

 

 

 

 Besides these Si templates, negative polydimethyl siloxane (PDMS) 

replica of the B1 pattern was used to obtain patterned polymeric films. PDMS 

replica was prepared by pouring the PDMS prepolymer-catalyst mixture on the Si 

template and following polymerization at 70°C. The PDMS replica was removed 

from the Si template. 

 The patterns on the Si templates and PDMS replica were transferred to 

biodegradable polymeric films by solvent casting (Figure 2.2). The blend of 

PHBV5, P(L-D,L)LA and PLGA (2:2:1, w/w) was prepared in chloroform with a 

concentration of 5% (w/v). The solution of PHBV5-P(L-D,L)LA (4%, w/v; 1:1, 
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w/w) was prepared by mixing the equal amounts of PHBV5 and P(L-D,L)LA, 

which were dissolved separately. Subsequently PLGA (1%, w/v) and PEG 

(polyethylene glycol) (10%, w/v) were added into polymer solution and mixed. 

Polymer solutions were poured on MP Si templates and on PDMS replica. 

Following air drying or solvent evaporation, the films were peeled off the surfaces. 

In order to obtain the porous micropatterned film, the PEG in the film was extracted 

by washing the films in distilled water.  

 In the preliminary studies, the blend of PHBV and P(L-D,L)LA (1:1, 

w/w) was prepared in dichloromethane or chloroform with a concentration of 4% 

(w/v) in the absence of PLGA and PEG in order to study the effect of polymer type 

on neural and mesenchymal stem cell behavior.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Schematic presentation of the preparation of micropatterned polymeric 
films by solvent casting, 
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2.2.1.2. Preparation of Electrospun Fibrous Mats 

 

 Microfibers were obtained by electrospinning. The experience on 

electrospinning was obtained at Prof. C. Migliaresi’s laboratory at Trento 

University (Italy) using various polymers. Then the system was set up in our 

laboratory at METU. The electrospinning system was consisted of a high voltage 

supply (Gamma High Voltage Research, USA), a 10 mL syringe capped with a 30 

Ga needle, syringe pump (New Era Pump Systems, USA) and a metal, grounded 

collector (Figure 2.3). In order to obtain aligned fibers the collector used had two 

metal rods and the fibers were collected between them to form a parallel aligned 

fibrous mat. Polymer solution of PHBV5-PLGA (50:50) in chloroform:DMF was 

placed into a syringe mounted on a syringe pump.The positive electrode was 

connected to the metallic needle of the syringe. When the potential was applied the 

repulsive electrostatic forces overcame the surface tension of the solution, and thus 

Taylor cone shaped polymer solution at the needle tip was ejected in the form of a 

microfiber while the solvent evaporated. In order to obtain reproducible and defect-

free fibers with certain diameters a number of parameters need to be adjusted and 

optimized. During the optimization process, concentrations of polymer solution 

(5%, 10% and 15%, w/v), the distance between the two poles (15-25 cm), the flow 

rate of the syringe pump to deliver the polymer solution (10-30 µL/min) and the 

applied potential (15-25 kV) were varied.  

 In order to study PLGA and PHBV5 mixing and their distribution in 

mat, a solvent that dissolves one of the components of the blend but not the other 

were chosen. The resultant fiber mat was treated with acetone for 2 h to dissolve out 

one component (PLGA) leaving behind the other (PHBV). 
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Figure 2.3. Electrospinning system. a) the schematic presentation of the system, 
and b) the photos from the original system  

 
(a) 

 

 

 

 

 

(b) 
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2.2.1.3. Characterization of Polymeric Scaffolds 

 

2.2.1.3.1. Scanning Electron Microscopy 

 

 Surfaces of the micropatterned polymeric films and the electrospun 

fibrous mats were all coated with Ag-Pd under vacuum. Scanning electron 

microscopy (SEM) was carried out by a QUANTA 400F Field Emission SEM at 

METU Central Lab and at Bilkent University UNAM, and by a Carl Zeiss EVO 40 

SEM at Yeditepe University (Istanbul) to observe the surface characteristics and to 

determine micropattern dimensions of the polymeric films and fiber diameter of the 

electrospun mats. 

 

2.2.1.3.2. Measurement of Porosity of the Polymeric Films 

 

 The porous PHBV-P(L-D,L)LA-PLGA films obtained after leaching out 

the PEG was stained with Nile Red, and then was examined using the confocal 

microscopy (Leica-DM 2500, Germany) and the images of three different regions of 

two separate micropatterned films was taken from layers (1 µm) in z-direction. The 

porosity of the micropatterned films was assessed using NIH Scion Image program. 

 

2.2.1.3.3. Mechanical Analysis of the Polymeric Films 

 

 Mechanical properties of polymeric films were studied in a wet state at 

room temperature by Lloyd LRX 5K Mechanical Tester, controlled by a computer 

running program (WindapR). Polymeric films, PHBV-P(L-D,L)LA, PHBV-P(L-

D,L)LA-PLGA, porous PHBV-P(L-D,L)LA-PLGA (thickness 0.028 ± 0.006 mm, 

0.072 ± 0.007 mm, 0.113 ± 0.012 mm, respectively) were 10.0 mm in width and 

40.0 mm in length, were attached to the holders (gauge length: 10 mm) of the 

instrument. The samples were tested under a 10 mm/min test speed. The load 

deformation curve was obtained for each sample. Using an equation ρ = F/A, where 

ρ is the tensile strength (MPa), F is the maximum load applied (N) before rapture, 

and A is the initial area (m2) of the sample, the tensile strength was calculated. The 
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load deformation curve was converted to stress–strain curve, where stress is the 

load applied per unit area (F/A) and strain is the deformation per unit length. The 

Young’s modulus of the sample was determined from the slope of straight line 

(elastic region of the stress-strain curve). 

 

2.2.1.3.4. Erosion of Micropatterned Films and Electrospun Mats 

 

 For study the erosion, PHBV5-P(L-D,L)LA, PHBV5-P(L-D,L)LA-

PLGA films (porous and nonporous) and PHBV5-PLGA mats (1 x 3 cm2) were 

dried completely and then weighed. The samples were placed into 50 mL Corning 

flasks containing phosphate buffer (PBS, 30 mL, pH 7.4, 10 mM) and incubated at 

370C for 90 days by continuous shaking at 50 rpm. Samples were removed from the 

medium every 10 days, dried completely under vacuum at room temperature for 2-3 

days, weighed and then placed again into the same medium to continue the erosion 

study.  

 

2.2.2. In Vitro Studies 

 

2.2.2.1. In Vitro Studies of Human MSCs 

 

 The characterization and comparison of human MSCs derived from 

bone marrow and Wharton’s Jelly were carried out at Mass. General Hospital 

(MGH), Harvard Medical School, Shriners Burn Hospital for Children and Tufts 

University all in Boston (USA). The rest of the studies with isolated Wharton’s 

Jelly human MSCs were carried out at METU. The characterization studies of 

MSCs were carried out jointly with Halime Kenar. 

 

2.2.2.1.1. Isolation and Culture of Human MSCs 

 

 Human bone marrow MSCs (BM MSCs) were obtained from bone 

marrow aspirates (Clonetics-Poietics, Walkersville, USA) as described by Chen et 

al. (2003). Whole bone marrow aspirates were plated on tissue culture polystyrene 
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(TCPS) flasks and cultivated until confluency in an expansion medium consisting of 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf 

serum (FCS), 100 U/mL penicillin - 100 μg/mL streptomycin (Pen/Strep), 0.1 mM 

nonessential amino acids, and 1 ng/mL of basic fibroblast growth factor (bFGF). 

After 5 days culture in a 5% CO2 incubator at 370C, the medium was replaced to 

remove the non-adherent hematopoietic cells, and the medium was changed twice 

per week thereafter. Human BM MSCs were kindly provided from Prof. Dr. David 

Kaplan’s laboratory, TERC, Tufts University, Boston (USA). Human Wharton’s 

Jelly MSCs (WJ MSCs) obtained from umbilical cord matrix (UCM) were kindly 

provided by Dr. Hans Klingemann, Tufts New England Medical Center, Boston 

(USA). Both BM and WJ MSCs were provided at passage 1 and then cultured in the 

expansion medium described above. Human BM and WJ MSCs at passage 2, 3 and 

4 were used for the characterization studies to investigate surface antigen and gene 

expression by flow cytometry and RT-PCR analysis, respectively (Boston, USA). 

The rest of the studies with human MSCs (hMSCs) isolated from Wharton’s Jelly 

were carried out at METU. 

 Wharton’s Jelly MSCs were isolated from umbilical cord matrix 

according to the protocol adapted from that in Ludwig Boltzman Institute, Linz 

(Austria). The umbilical cords from two different donors (28 and 32 years old 

mothers, with their consent (Appendix A)) were supplied in PBS (containing 

Pen/Strep (100 units/mL-100 mg/mL)), and were stored at 40C. The cells had to be 

isolated within 24 h of the delivery of the baby. The umbilical cord tissue was cut 

into 2-3 cm pieces and transferred into Pen/Strep containing PBS to wash out blood. 

One piece at a time was transferred to a large sterile petri plate and the arteries and 

the vein were pulled out with a tweezer (Figure 2.4). UCM was cut into smaller 

pieces and transferred into a well of a 6-well plate. Then the complex expansion 

medium (1 mL) was added on each piece and tissue pieces in plates were put into a 

humidified 5% CO2 incubator at 370C. Four different complex expansion media 

(#1: DMEM supplemented with 20% FCS, 100 units/mL-100 mg/mL of Pen/Strep, 

1 ng/mL of bFGF, and 0.1 mM nonessential amino acids; #2: DMEM low 

glucose:HAMF12 (1:1) with 10% FCS, 100 units/mL-100 mg/mL of Pen/Strep, 1 

ng/mL of bFGF; #3: RPMI with 10% FCS, 100 units/mL-100 mg/mL of Pen/Strep; 
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#4: α-MEM: HAMF12 (1:1) with 2% FCS, 100 units/mL-100 mg/mL of Pen/Strep) 

were used. After 2 days, the medium was changed. The medium was refreshed 3 

times a week. After 2 weeks, the tissue was removed from the well and put into a 

new well for further isolation of MSCs. For further culturing the isolated cells that 

formed a confluent monolayer on 6 well plates were detached with 0.1% Trypsin-

EDTA, passaged and frozen in 10% DMSO. These cells were used in 

characterization and differentiation studies, and also in the studies of cell culture on 

the scaffolds. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Isolation of human MSCs from umbilical cord matrix. Two arteries 
(labeled as a) and one vein (labeled as v) shown in (a) were pulled out with 
tweezers (b). 
 

 

 

2.2.2.1.2. Characterization and Comparison of Bone Marrow and Wharton’s 

                   Jelly-derived MSCs 

 

2.2.2.1.2.1.  Flow Cytometric Analysis 

 

 Specific surface antigens of BM and WJ MSCs at passage 2, 3 and 4 

were analyzed by flow cytometry (FACSCalibur, Becton Dickinson, USA). Cell 

surface markers included hematopoietic lineage markers (CD34, CD45), adhesion 
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integrins (CD49d, CD106), and MSC markers like SH2 (CD105), SH3 (CD73), 

CD44 and CD90, CD29, immunogenic antigens (HLA-ABC (MHC class I), HLA-

DR (MHC class II)), and early endothelial progenitor cell marker CD133. To stain 

the MSCs, the cells were detached via trypsinization, pelleted (ca. 105 cells), and 

resuspended in 1% bovine serum albumin (BSA) in PBS before addition of 

fluorochrome conjugated monoclonal antibodies. After incubation for 45 minutes at 

40C with fluorochrome conjugated monoclonal antibodies, the cells were 

centrifuged, fixed with 1% paraformaldehyde (PFA) in PBS, and analyzed on a 

FACSCalibur flow cytometer (BD Biosciences), using CellQuest software (BD 

Pharmingen). An isotype control was included in each experiment; specific staining 

was measured from the cross point of the isotype graph with the particular antibody 

graph, and positive cells were counted. 

 

2.2.2.1.2.2.  Morphology of Human MSCs 
 

 To investigate the morphology and cytoskeletal organization of cells 

MSCs derived from both sources were stained with Phalloidin for actin filaments 

and with Hoechst 33342 for their nuclei, and examined via fluorescence microscopy 

for morphological analysis. 

 The cells were fixed with 4% PFA for 15 min at room temperature and 

then washed two times with PBS (10 mM, pH 7.4). The cells were permeabilized by 

incubation in 0.1% Triton X-100 (in PBS) for 5 min at room temperature. 

Following the wash with PBS, the cells were incubated in 1% BSA, a blocking 

solution, for 30 min at 370C to prevent nonspecific binding. After incubation, the 

cells were incubated in Alexa Fluor 546 labeled Phalloidin (1:40 in 0.1% BSA) for 

1 h at 370C. After washing with PBS, the cells were stained with Hoechst 33342 for 

5 min. The cells were washed and then examined under fluorescence microscope. 

 

2.2.2.1.2.3.  Osteogenic Differentiation of Human MSCs 

 

 In order to differentiate hMSCs into osteoblasts, MSCs from both 

sources at P2 were seeded at 5x103 cells/well into 24 well plates in the expansion 
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medium. After 1 day of incubation, the MSCs were cultured in expansion medium 

DMEM containing 10% FCS, Pen/Strep (100 units/mL-100 mg/mL), 0.1 mM 

nonessential amino acids (without bFGF) supplemented with 10 nM 

dexamethasone, 50 µg/mL ascorbic acid, and 10 mM β-glycerophosphate for 21 

days in CO2 incubator at 37oC, and the medium was changed twice a week. The 

control samples were cultured under the same conditions in the absence of 

osteogenic supplements. After 21 days of culture, differentiation into osteoblasts 

was assessed based on alkaline phosphatase (ALP) activity by UV spectroscopy.  

 The cells on each well of 24 well plate were lysed with 0.2% (v/v) 

Triton X-100 (in 10 mM, pH7.5 Tris-HCl buffer) and the samples were centrifuged 

at 12 000 rpm for 10 min at 40C. The lysate, present in the supernatant part, was 

combined with 2% (v/v) Triton X-100, and then incubated with the 2-amino-2-

methyl-1propanol (AMP) buffer and the substrate p-nitrophenyl phosphate at 37oC 

for 1 h to carry out the reaction given in Equation 2.1. The reaction was stopped 

with 0.2 M NaOH and then the concentration of p-nitrophenol, the yellow product 

of ALP activity, was measured spectrophotometrically at 405 nm. The activity was 

expressed as μmol of substrate converted to product/min/ 250 µL of cell lysate 

(taken from a single well of 24 well plate), considering the calibration curve for the 

enzymatic product (Appendix B.1a). The solution of 0.2% (v/v) Triton X-100 in the 

absence of lysate (in the absence of ALP) was used as a blank. 

 

 

                                                           ALP 

         P-Nitrophenyl Phosphate                        P-Nitrophenol  +  Phosphate  

                   Substrate                                             Yellow Product                       (2.1) 

 

 

 

2.2.2.1.2.4.  Adipogenic Differentiation of Human MSCs 

 

 Human MSCs at P2 were plated at 5x103 cells/well in 24 well plates, 

and cultured in expansion medium for 1 day. To induce adipogenic differentiation, 
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the MSCs were grown for 21 days in the expansion medium DMEM containing 

10% FCS, Pen/Strep (100 units/mL-100 mg/mL), 0.1 mM nonessential amino acids 

(without bFGF) supplemented with adipogenic stimulants: 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX), 1 µM dexamethasone, 5 µg/mL insulin, and 50 µM 

indomethacin (Mauney et al., 2005). MSC control cultures were maintained 

similarly in parallel in the absence of adipogenic stimulants. All MSC cultures were 

maintained in CO2 incubator at 37oC and medium was changed twice a week.  

 To detect fat deposition, cells were fixed and stained for 45 min with a 

filtered 60% Oil Red-O solution in PBS, prepared from a stock solution of 0.07 g 

Oil Red-O powder in 20 ml of isopropanol (Stewart et al., 2004). The background 

due to Oil Red-O staining was removed by washing with PBS and the 

photomicrographs of cells were obtained under a light microscope. 

 

2.2.2.1.2.5.  Neural Gene Expression of Undifferentiated MSCs 

 

 Total RNA was isolated from human MSCs (BM and WJ at P2, P3 and 

P4) using NucleoSpin RNA II kit and stored at -80°C. The cDNA was synthesized, 

and then amplified with PCR using OneStep RT-PCR kit (Qiagen One step RT-

PCR kit). The cDNA obtained from human brain extract was used as a control. PCR 

was performed in a 20 μL reaction solution composed of 5x Qiagen OneStep RT-

PCR buffer, dNTP mix, OneStep RT-PCR Enzyme Mix, RNase inhibitor, forward 

and reverse primers (0.4 μM), and variable volume of template RNA and RNase 

free water. The RT-PCR conditions were as follows: 30 min at 50°C for reverse 

transcription, and then for PCR, 15 min at 95°C followed by 30 cycles of 94°C for 

30 s, Tm for 30 s, and 72°C for 1 min, and final extension for 10 min at 72°C. 

Primer sequences (forward, reverse) and lengths of the amplified products are given 

in Table 2.2. The expression of neural specific genes is expressed relative to the 

housekeeping gene β-Actin. The PCR products were size fractionated by 2% 

agarose gel eletrophoresis, stained with ethidium bromide, and visualized by UV 

illuminator. 
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2.2.2.1.3. Characterization of Isolated Wharton’s Jelly MSCs  

 

2.2.2.1.3.1. Evaluation of Cell Morphology 

 

 Isolated human MSCs cultured on TCPS were examined under inverted 

phase contrast microscope (Olympus IX 70, Japan) and recorded with camera after 

the isolation and several passages.  

 To investigate the morphology and cytoskeletal organization of cells the 

isolated MSCs derived from both sources were stained with Phalloidin-DAPI. The 

cells were fixed with 4% PFA for 15 min, and then after permeabilization with 

0.1% Triton X-100 (in PBS), non-specific binding was blocked by 1% BSA for 30 

min at 370C as in section 2.2.2.1.2.2. WJ MSCs were stained with FITC-conjugated 

Phalloidin (1:100 in 0.1% BSA) for actin filaments, and following staining their 

nucleus with DAPI (1:5000 in PBS) for 10 min the cells were examined via 

fluorescence microscopy (Olympus IX 70, Japan, with inverted reflected light 

fluorescence observation attachment). 

 

2.2.2.1.3.2.  Growth Kinetics of Isolated WJ MSCs 

 

 Isolated WJ MSCs cultured in growth medium #2 and #4 (at passage 2 

and 1, respectively) were seeded into 24 well plate at a density of 104 cells/well. 

The cells were cultured at 370C in a CO2 incubator. The cell number of samples in 

triplicate was determined by Cell Titer 96* AQueous One Solution Cell 

Proliferation Assay (MTS Assay) at the end of 24, 48, 72, 96, 144, 192 and 240 h 

incubation periods.  

 The principle of MTS assay is based on the conversion of MTS/PES 

solution (convenient solution combines PES, a chemically stable electron coupling 

reagent, and MTS, a novel tetrazolium compound) into a water-soluble formazan 

that absorbs light at 490 nm. For this, the growth medium of cells in the 24 well 

plate was discarded, and MTS/PES working solution (0.5 or 1 mL, 10% MTS/PES 

solution in the expansion medium prepared with low glucose DMEM) was placed 

on cells. The cells were incubated for 2 h at 37oC in the CO2 incubator. A solution 
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of 200 µL was transferred into a 96 well plate and absorbance of the product 

produced by MTS assay was determined at 490 nm with Elisa Plate Reader (Model 

Maxline, Molecular Devices, (USA)). The obtained absorbance was correlated with 

the cell number using a calibration curve constructed with known cell numbers 

(Appendix C). 

 

2.2.2.1.3.3.  Osteogenic Differentiation of Isolated WJ MSCs 

 

 Isolated WJ MSCs at P3 were seeded at 104 cells/well into 24 well plates 

and cultured in the expansion medium #2 and #4. When the cells reached 

confluency, osteogenic induction was applied like in section 2.2.2.1.2.3. for 14 days 

in CO2 incubator at 37oC.  

 At the end of incubation differentiation to osteoblasts was assessed via 

ALP activity. The cells on each well of 24 well plate were lysed with 0.2% (v/v) 

Triton X-100 (in 10 mM pH7.5 Tris HCl buffer), and sonicated for 5 min at 25 

Watts on ice. The samples were centrifuged at 2000 rpm for 10 min at 40C, and the 

rest of the protocol was applied like in section 2.2.2.1.2.3 using ALP activity kit 

(Randox). The activity was expressed as nmol of substrate converted to 

product/min/300 µL of cell lysate (taken from a single well of 24 well plate), 

considering the calibration curve for the enzymatic product (Appendix B.1b). In 

order to prove the osteogenic differentiation von Kossa staining was carried out to 

show calcium deposition upon differentiation. After fixation with 4% PFA, the cells 

were rinsed with distilled water to carry out von Kossa staining. The cells were 

exposed to ultraviolet radiation (UV C) in 1% aqueous silver nitrate for 20 min and 

then washed with distilled water. After UV exposure, the stained cells were 

incubated in 5% sodium thiosulfate for 5 min to remove unreacted silver, and 

following washing cells were examined under a light microscope (Olympus IX 70, 

Japan). 
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2.2.2.1.3.4.  Chondrogenic Differentiation of Isolated WJ MSCs 

 

 Isolated WJ MSCs at P3 were seeded at 104 cells/well into 24 well plates 

in expansion medium #4 until confluency. In order to induce chondrogenic 

differentiation MSCs were grown for 14 days in medium DMEM supplemented 

with Pen/Strep (100 units/mL-100 mg/mL), 1% nonessential aminoacids, 50 µg/mL 

ascorbic acid, 10 nM dexamethasone, 5 µg/mL bovine insulin and 5 ng/mL TGFβ1. 

Similarly MSC control cultures were maintained in parallel without chondrogenic 

supplements. All MSC cultures were maintained in CO2 incubator at 37oC and 

medium was changed twice a week.  

 Chondrogenic differentiation was determined by Alcian blue staining of 

the proteoglycans and by detection of type II collagen and aggrecan, typically found 

in articular cartilage. Differentiated cells were fixed in 4% PFA after 14 days of 

culture and stained with 1% (w/v) Alcian Blue (pH 2.5, in 3% acetic acid) solution 

for 30 minutes. Following washing with distilled water, the photomicrographs of 

cells were obtained under a light microscope. For immunostaining, the cells, fixed 

after 14 days of culture, were permeabilized with 0.1% Triton X-100 (in PBS) for 5 

min, and following PBS wash the cells were incubated in 1% BSA blocking 

solution for 30 min at 370C. The cells were incubated in primary antibodies, anti-

Collagen Type II or anti-aggrecan (1:100 in 0.1% BSA) for 1 h at 370C, and then 

after washing they were kept in Alexa Fluor 488 labeled secondary antibody 

solution (1:100 in PBS) for 1 h at 370C. Following nuclei staining with DAPI 

(1:5000 in PBS) for 10 min, the cells were examined via fluorescence microscopy 

(Olympus IX 70, Japan, with inverted reflected light fluorescence observation 

attachment). 

 

2.2.2.1.3.5.  Neural Gene Expression of Undifferentiated Isolated WJ MSCs  

 

 Neural gene expression analysis of WJ MSCs (at P2, P3, and P4) 

isolated from UCM were done by total RNA isolation protocol as mentioned in 

section 2.2.2.1.2.5. Neuroblastoma cells were used as the control to optimize 

primers. RT-PCR was performed using Robust OneStep RT-PCR kit in a 20 μL 
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reaction solution composed of 10x Robust reaction buffer, MgCl2, dNTP mix, M-

MulVRT RNaseH, DyNAzyme Ext Polymerase, RNase inhibitor, forward and 

reverse primers (0.4 μM), and variable volume of template RNA and RNase free 

water. The RT-PCR conditions were as follows: 45 min at 48°C for reverse 

transcription, and then for PCR 2 min at 94°C followed by 30 cycles of 94°C for 30 

s, Tm (550C) for 30 s, and 72°C for 1 min, and final extension for 10 min at 72°C. 

Primer sequences (forward, reverse) and lengths of the amplified products are given 

in Table 2.2. The expressions of neural specific genes were analyzed relative to the 

housekeeping gene β-Actin after gel electrophoresis (2% agarose containing 

ethidium bromide). 

 

2.2.2.1.4. Differentiation of Human MSCs into Neural Cell Lineages 

 

 Human WJ MSCs, at approximately 90% confluence, were trypsinized 

and then seeded on laminin1 coated or untreated TCPS 24 well plates in 

preinduction medium (growth medium with or without FCS supplemented with 10 

ng/mL EGF, 10 ng/mL bFGF and 50 μM forskolin). The valproic acid (VA, 2 mM) 

was added to some set of samples to check their effect on the differentiation of 

human MSCs. After 24 hours of incubation in the preinduction medium, the 

medium was refreshed with differentiation medium containing different 

combinations of the following growth factors and chemicals: B27 supplement, 

valproic acid, retinoic acid (RA), Insulin-like Growth Factor 1 (IGF1), ciliary 

neurotrophic factor (CTNF), Interleukinβ1 (ILβ1), Interleukin6 (IL6), Nerve 

Growth Factor (NGF), 5-azacytidine, β-mercaptoethanol (βME), dimethyl sulfoxide 

(DMSO). After 3 to 4 days, media was refreshed. After 7 or 14 days of 

differentiation treatment, cells were studied by light microscopy and some samples 

of cells were stained with FITC labeled Phalloidin and DAPI for cell morphology 

analysis. Moreover, the samples were analyzed in detail for differentiation by RT-

PCR and immunocytochemistry.  
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2.2.2.1.4.1.  Protein Expression Analysis of MSCs by Immunocytochemistry  

                        Upon Neural Induction 

 

 Immunocytochemistry was carried out using standard protocols. Human 

MSCs were fixed with 4% PFA for 15 min at room temperature and then washed 

with PBS. The cells were incubated in 100 mM glycine for 15 min to saturate 

reactive PFA groups. After washing with PBS, the cells were permeabilized by 

Triton X-100 (0.1% in PBS, PBST) treatment for 5-10 min. Following excessive 

washing, the cells were incubated in blocking solution (1% BSA in PBS) at 370C 

for 30 min to prevent nonspecific binding of antibodies. MSCs were incubated with 

primary antibodies at 40C overnight or 370C for 1 h. Primary antibodies and 

dilutions for human WJ MSCS were as follows: anti-β-Tubulin III (1:200 in 0.1% 

BSA), and anti-GFAP (1:200 in 0.1% BSA). Both were monoclonal. Following 

incubation of primary antibodies, the cells were washed with PBS and then the 

fluorescence labeled secondary antibodies Alexa Fluor 488 or Alexa Fluor 532 

(1:100 in PBS) was applied for 1 h at 370C, and then washed with PBST, and 

subsequently with PBS. The cells were counterstained with DAPI (1:1000 in PBS) 

for 10 min, and following washing with PBS the cells were examined with 

fluorescence microscope (Olympus IX 70, Japan, with inverted reflected light 

fluorescence observation attachment). 

 

2.2.2.1.4.2.  Gene Expression of MSCs Analyzed by RT–PCR upon Neural 

                         Induction 

 

 MSCs induced by neural treatment were lysed and their RNA was 

isolated according to the protocol explained in section 2.2.2.1.2.5. Specific neural 

markers were chosen to check differentiation of MSCs into neural cells. RT-PCR 

analysis was carried out according to section 2.2.2.1.3.5. which was applied for 

isolated WJ MSCs. 

 

 



 

54 

2.2.2.2. In Vitro Studies of Mouse NSCs 

 

2.2.2.2.1. Culture and Differentiation of NSCs  

 

 Balb C mouse neural stem cells (NSCs) (CRL-9392; obtained from 

ATCC) were cultured in a growth medium that contains Dulbecco’s Modified Eagle 

Medium:Ham’s Nutrient Mixture F12 (DMEM/F12; 1:1), human transferrin (0.01 

mg/mL), bovine insulin (0.01 mg/mL), chemically defined lipids (1% v/v), sodium 

selenite (10 nM), Pen/Strep (100 units/mL/100 mg/mL) and supplemented with 

mouse EGF (50 ng/mL). The cells were cultured on fibronectin (5 µg/cm2) coated 

TCPS flasks at 37oC in a humidified 5% CO2 incubator, and the growth medium 

was replaced every two days. When NSCs reached 80% confluency, the cells were 

detached by incubation in 0.05% Trypsin-EDTA solution for 30 s. To inactivate 

trypsin, same volume of trypsin inhibitor (0.1% in PBS) and the growth medium, of 

which volume was at least five times more than Trypsin-EDTA volume, were 

added. The cells were pelleted by centrifugation for 5 min at 3000 rpm, and then the 

pellet was resuspended to be transferred to a new flask or to be seeded on the 

scaffolds. 

 NSCs were differentiated into neuron upon removal of mouse EGF from 

the growth medium and the addition of 10% FCS to this EGF-free medium leads to 

differentiation of NSCs into astrocytes.  

 

2.2.2.2.2. Evaluation of NSCs Differentiation by Microscopy 

 

 The change in morphology of NSCs upon neural induction was 

examined by light microscope. Specific neural protein expression was analyzed by 

standard immunocytochemistry protocol (Section 2.2.2.1.4.1.). NSCs in an 

undifferentiated form and after differentiation into neuron and astrocytes were 

stained with primary antibodies monoclonal anti-β-Tubulin III and monoclonal anti-

GFAP, and followed by staining with secondary antibodies Alexa Fluor 488 or 

Alexa Fluor 532 (1:100 in PBS), respectively. After DAPI counterstaining, the cells 

were examined with fluorescence microscope. 
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2.2.2.3. Behavior of Stem Cells on Electrospun Fibrous Mats and  

                  Micropatterned Films  

 

2.2.2.3.1. Seeding of Stem Cells on Scaffolds 

 

 The scaffold components, the electrospun fibrous mats and the porous 

micropatterned films, were sterilized with 70% ethanol for 2 h at 40C, and then after 

washing with PBS scaffolds were dried. For protein coating the scaffolds were 

covered with fibronectin (5 µg/cm2) or laminin1 (1 µg/cm2) for NSCs and MSCs, 

respectively. After drying the scaffolds were ready to be seeded with cells. 

 Mouse NSCs were detached from the flask and counted by Trypan Blue 

staining or Nucleocounter (Chemometec Biolab, Denmark). NSCs were seeded onto 

fibronectin adsorbed micropatterned films and electrospun mats at a density 5x103 

or 2x 104 cells / sample (1x1 cm2). The cells on electrospun mats were cultured with 

the growth medium contains EGF without differentiation, while the cells on 

micropatterned films were cultured with growth medium for 2-4 days and then 

cultured with astrocyte induction EGF-free medium in the presence of 10% FCS. 

 Isolated WJ MSCs were counted like NSCs and seeded onto laminin1 

coated micropatterned films and electrospun mats at a density 5x103 or 2 x104 cells/ 

sample (1x1 cm2), and then the cells were cultured in the appropriate growth 

medium in a humidified CO2 incubator. 

 

2.2.2.3.2. Proliferation and Cell Activity of Stem Cells on Scaffolds 

 

 Cell activity and proliferation of NSCs and isolated WJ MSCs on the 

electrospun mats and the micropatterned films were determined by Cell Titer 96* 

AQueous One Solution Cell Proliferation Assay (MTS Assay). 

 MTS assay was carried out after a day of cell seeding to determine the 

initial number of attached alive cells and after 7 and 14 days of culture to 

investigate cell proliferation on the polymeric scaffolds and TCPS, a positive 

control. At the end of 1, 7 and 14 days, the scaffolds were transferred into clean 

wells and the cell number on each sample was determined in triplicate with MTS 
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assay. MTS/PES working solution (0.5 or 1 mL, 10% MTS/PES solution in the 

expansion medium prepared with low glucose DMEM) was added on films and the 

control TCPS wells, and then incubated for 2 h at 37oC in the CO2 incubator 

(mentioned in section 2.2.2.1.3.2.). The absorbance of the product of the MTS assay 

was quantified at 490nm with Elisa Plate Reader (Model Maxline, Molecular 

Devices, (USA)), and then the cell number was determined using a calibration curve 

constructed for each type of cells with known cell numbers (Appendix C). 

 

2.2.2.3.3. Cellular Organization and Alignment on Scaffolds 

 

 NSCs and isolated WJ MSCs organization and their alignment on the 

electrospun mats and the micropatterned films were investigated by fluoresence and 

confocal microscopy at the end of 2-4 days of culture. 

 For fluorescence and confocal microscopy examination stem cells were 

fixed with 4% PFA for 15 min. The cells were stained with FITC conjugated 

Phalloidin -DAPI (Section 2.2.2.1.3.1.) to investigate cytoskeleton organization of 

cells on scaffolds and then examined under fluorescence microscope using a 488 

nm filter and a UV filter (330-385 nm). For cell organization on the micropatterned 

surfaces and on/in the fibrous mats the cells were stained with Acridine Orange to 

be examined with confocal microscope with 488 nm laser excitation. Stem cells 

were permeabilized with 0.1 M HCl for 45 s, and then stained with Acridine Orange 

for 15 min at room temperature followed by excessive washing with distilled water. 

 

2.2.2.4. Formation of Tubular Construct and Stem Cells Behaviour in 3D  

                  Scaffold 

 

 Stem cells were seeded onto the components of the final construct 

separately. After culturing cells on these scaffolds for a week, the micropatterned 

film was rolled over electrospun mat. The final 3D construct was restrained in 

tubular form with elastic bands or fixed by suturing (3-4 mm in diameter, ca. 30 

mm in length) (Figure 2.5). 
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 Mouse NSCs were seeded onto fibronectin adsorbed sterilized scaffold 

components at a density 6x104 - 105 cells/ sample (1x3 cm2), while human MSCs 

were seeded on laminin1 coated surfaces at 7x104 – 105 cells/ sample (1x3 cm2). 

NSCs were grown on electrospun mats with the expansion medium; however, NSCs 

were differentiated into astrocytes on the porous micropatterned films with EGF 

free medium in the presence of 10% FCS following expansion of NSCs in 

undifferentiated form for 2-4 days. On the other hand, isolated WJ MSCs seeded at 

P4 on the electrospun mats were differentiated into neuron cells (determined 

according to differentiation studies results given in section 3.2.1.3), while MSCs 

seeded at P3 on the porous micropatterned films were cultured with the expansion 

medium to maintain them in undifferentiated state. Stem cells on 3D construct were 

cultured in an appropriate medium in the presence of supporting cells (mouse 

astrocytes or human MSCs) on micropatterened films to facilitate, maintain and/or 

enhance differentiation of stem cells on the fibers. 

 The components of the final construct were separated, and then the cell 

viability on the electrospun fiber and micropatterned film parts was determined 

separately by MTS assay (Section 2.2.2.3.2). The cell organization and alignment 

tendency of cells were investigated by Acridine Orange staining as described in 

section 2.2.2.3.3. Moreover, the differentiation of stem cells on the scaffolds was 

determined by immunocytochemistry (Section 2.2.2.1.4.1) using appropriate 

antibodies and by RT-PCR analysis for WJ MSCs (Section 2.2.2.1.4.2).  
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CHAPTER 3 
 

 

RESULTS AND DISCUSSION 
 

 

 

3.1. Characterization of Scaffolds 

 

3.1.1. Surface Topography and Dimension Analysis of Micropatterned  

                  Films  

 

 The micropatterned Si inclined wall (IW:A4) templates were produced 

via photolithography followed by wet etching, whereas the perpendicular wall 

(PW:B1) templates were obtained by reactive ion etching after photolithography 

(Figure 3.1.a-b). Negative PDMS replica of B1 Si wafer was also used as a mold to 

prepare polymeric film (Figure 3.2.a). The pattern on both templates and on PDMS 

replica was successfully transferred onto the polymeric films (Figure 3.1.c-d and 

Figure 3.2.b, respectively). The dimensions of the polymeric films were determined 

from the cross-section of the films observed by light microscopy and from SEM 

images. The dimensions of the polymeric films obtained by solvent casting were 

slightly different from the dimensions of the templates, even in PDMS mold (Table 

3.1).  

 The polymeric film with the micropattern was designed to serve as the 

exterior of the final tubular nerve construct (shown in Figure 2.5 in section 2.2.2.4). 

Thus, the polymeric film had to be permeable to the nutrients to allow cell growth 

within the construct. It also had to be flexible to some extent in order to be able to 

fix the tissue engineered construct to the native nerve tissue. In the preliminary 

studies micropatterned films were prepared with PHBV and P(L-D,L)LA blend, and 

for the final construct PLGA was added to increase film flexibility. It was observed 
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that addition of PLGA made the film not just flexible but also slightly porous 

(Figure 3.3). In order to enhance the porosity PEG was added to the film 

composition and was then removed after solvent casting by leaching in distilled 

water. It can be seen from the SEM images that the films obtained after PEG 

removal are fairly porous and had undisrupted micropatterns (Figure 3.4). The 

porous structure on the surface was also seen in the bulk of the film from Figure 

3.4c-d. The porous micropatterned polymeric film was successfully transferred 

from PDMS with desired dimensions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Micrographs of micropatterned templates and films. Templates as 
observed by stereomicroscopy: a) inclined wall A4, and b) 900 wall B1 (x33.75). 
Scanning electron micrographs of micropatterned PHBV-P(L-D,L)LA films: c) MP 
A4, and d) MP B1.  
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Figure 3.2. a) Micrograph of PDMS replica of B1 template obtained by 
stereomicroscopy (x 33.75), b) Scanning electron micrograph of a PHBV-P(L-
D,L)LA film obtained from the PDMS replica of B1.  
 

 

 

 

Table 3.1. The dimensions (wall angle (θ), ridge width (RW), groove width (GW) 
and groove depth (GD)) of the templates and micropatterned films produced from 
them 
 

 Wall Code θ (0) RW (µm) GW (µm) GD (µm) 

T
em

pl
at

e IW A4 54.70 2 1 30 

PW B1 90.00 5 14 5 

PW B1 PDMS 90.00 15 5 5 

M
P 

Fi
lm

 IW A4 54.70 1 2 30 

PW B1 90.00 14 5.5 5 

PW B1 PDMS 90.00 5 14.5 5 

 

 

 

 

 a 
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Figure 3.3. SEM images of PHBV-P(L-D,L)LA-PLGA films obtained from the 
PDMS replica of B1. a-b) top views, and c-d) cross-sections at different 
magnifications.  
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Figure 3.4. SEM images of porous PHBV-P(L-D,L)LA-PLGA films. The patterned 
film was obtained from the PDMS replica of B1 and then PEG was leached out in 
distilled water. a-b) top views, and c-d) cross-sections at different magnifications.  
 

 

 

3.1.2. Porosity of the Polymeric Films 

 

 The porosity of the PHBV-P(L-D,L)LA-PLGA films obtained after 

leaching out the PEG was assessed using the confocal microscopy images of the 

micropatterned films by the use of the NIH Scion Image program. Total porosity 

(surface and bulk) was calculated by taking images from layers (1 µm in z-

direction) of three different regions of two separate micropatterned films (Figure 
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3.5). The average porosity was determined as 58.95 ± 2.42 (%). SEM image (Figure 

3.4.b) shows that the maximum pore size is around 4-5 µm, which is smaller than 

the size of both the cell sources used in this study. Thus, the porous micropatterned 

film is permeable to nutrients, however, would not allow the ingrowth of the cells in 

the film. The cells would not and should not penetrate into the film, while they were 

stay on the surface, recognize the micropattern and align along its axis as will be 

seen in the alignment studies in the following sections.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Confocal micrographs of porous micropatterned films after Nile Red 
staining (x200, scale bar: 100 µm) 
 

 

 

3.1.3. Mechanical Properties of the Polymeric Films 

 

 The tissue engineered tubular construct is designed to be attached to the 

ends of the native nerve tissue in the body either through suturing the outer film part 

or with biological glue. The outer region should be able to withstand the tensile 
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stress during suturing. For this reason, the effect of PLGA and porosity 

incorporation on the mechanical properties of polymeric films was investigated.  

 In tensile testing, a gradually increasing tensile force is applied to a 

sample until it fails (breaks). Strain (ε) is the ratio of change in the length to original 

length, and is directly proportional to the stress applied (σ). The stress-strain graph 

describes the relationship between the stress and the strain (Figure 3.6). In elastic 

region of the graph (initial, linear) the load is not enough to cause permanent 

translation of the molecules and deformation is reversible. Beyond this region the 

applied stress produces permanent changes to a sample and called as plastic 

deformation if the material is viscoelastic. The ultimate tensile strength is defined as 

the highest tensile stress a material can withstand. The modulus of elasticity (E) 

describes the relationship of stress to strain within the elastic region and gives 

information about the material’s stiffness. Elongation at break is the strain on a 

sample before it breaks and is expressed as a percent or a fraction.  

 In the tensile tests of this study, the modulus of elasticity, ultimate 

tensile strength and elongation at break values of three different polymers were 

determined (Table 3.2). The results showed that incorporation of PLGA into 

PHBV-P(L-D,L)LA film led to a 23% and 32% decrease in UTS and elastic 

modulus, respectively, and a 12% increase in elongation at break. These indicate 

that PLGA incorporation made the film less strong, less hard but more extensible. 

Upon porosity incorporation UTS and elastic modulus were decreased more 

significantly (85% and 92%, respectively) and the elongation at break percent was 

increased also significantly (by 24%). These imply that incorporation of PLGA 

affected the tensile properties of PHBV-P(L-D,L)LA, but the effect was more 

pronounced upon porosity incorporation. 
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Figure 3.6. A representative stress-strain curve 

 

 

 

Table 3.2. Tensile test results of polymeric films. 

 

Sample  UTS (MPa) E (MPa) EAB (%) 

PHBV5-P(L-D,L)LA 26.94 ± 6.28 1.54 ± 0.01 7.60 ± 0.07 

PHBV5-P(L-D,L)LA-PLGA 20.81 ± 1.47 1.05 ± 0.23 8.54 ± 0.15 

Porous PHBV5-P(L-D,L)LA-PLGA 3.13 ± 0.44 0.08 ± 0.02 10.57 ± 0.89 

 

UTS: ultimate tensile strength, E: modulus of elasticity, EAB: elongation at break 

 

 

 

 

St
re

ss
 (N

/m
2 ) 

E=σ/ε 

UTS 

Strain (%) 



 

67 

3.1.4. Physical Characterization of Electrospun Fibrous Mat 

 

 In the preparation of electrospun fibers the parameters (polymer 

concentration, flow rate, applied potential and the distance between the two poles 

(needle and collector)) were optimized to obtain uniform, defect-free, aligned 

fibers. To improve the fiber quality a solvent DMF with a high dielectric constant 

(36.7 C2m-2N-1 at 25ºC) was added to the polymer solution. By increasing the 

conductivity of the polymer solution, the higher attractive forces created between 

the metal collector and the syringe tip was expected to lead to more straight and 

uniform fibers without any fusion or beads (Ndreu et al., 2008). 

 One of the parameters, polymer concentration, was found to be very 

influential on fiber diameter. It was not possible to obtain a PHBV5-PLGA fibrous 

mat using a 5% (w/v) polymer solution even when the DMF content was high. 

Aligned PHBV5-PLGA fibrous mat with fibers 950 nm in diameter was obtained 

(with some beads) using a 10% (w/v) polymer solution (Figure 3.7.a-b). The best 

electrospun fibrous mats were obtained using 15% (w/v) PHBV5-PLGA solution 

(Figure 3.7.c-e). Electrospun fibers were well aligned and the diameter of the fibers 

was around 1.5 µm (Figure 3.7.e). Unlike PHBV, PLGA is soluble in acetone; 

therefore, the fibrous mat was treated with acetone to study the PLGA and PHBV5 

mixing and their respective locations in the mat (Figure 3.8). It was observed that 

upon acetone treatment of PHBV5-PLGA PLGA dissolved out of fibers and left 

nicks (Figure 3.8.f). The acetone treatment was, however, not effective on PHBV 

fibers (Figure.3.8.b). SEM results showed that PHBV-PLGA fibers do not have 

core shell structure. The scratches indicate that PLGA is generally found mixed 

with PHBV along the fiber; however, the breaks imply an improper mixing of the 

two polymers in some regions of the fibrous mat (PLGA rich regions broke).  
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Figure 3.7. SEM of PHBV-PLGA fibers prepared under constant voltage (18 kV) 
and flow rate (20 µL/min) a-b) with a 10% (w/v) polymer solution with a distance 
of 15 cm and c-e) with a 15% (w/v) polymer solution with a distance of 25 cm. 
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Figure 3.8. SEM of PHBV (5%, w/v) fibers prepared under 24 kV and 20 µL/min 
flow rate with a distance of 20 cm. a) before and b) after 2 h acetone treatment. 
SEM of PHBV-PLGA (15%, w/v) fibers prepared under optimized conditions: c) 
before acetone treatment, d) after acetone wash for a while, e) a closer view of (d) 
and f) after 2 h of acetone treatment.  
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3.1.5. Erosion of Polymeric Films and Electrospun Mats  

 

 In tissue engineering the disappearance of the scaffold in the body with 

time is an important point to be considered in the design of a scaffold. Since during 

healing process the removal rate of an implanted scaffold should match the 

formation rate of native ECM. Thus, the erosion rates of electrospun fibrous mats of 

PHBV5-PLGA and films of PHBV5-P(L-D,L)LA, PHBV5-P(L-D,L)LA–PLGA 

and porous PHBV5-P(L-D,L)LA–PLGA were investigated. Three sets of samples 

of fibrous mats and films were incubated in 30 mL PBS at 370C for 90 days. The 

weights of the dried samples were determined at 10 days intervals. Weight 

remained (Wr) was determined as: Wr (%) = 100-((Wi-Wf)/Wi x 100) where Wi is 

initial weight, and Wf is final weight. All measurements were expressed as means ± 

standard deviation (sd). The change in weight by time for the electrospun mats and 

the polymeric films was shown in Figures 3.9 and 3.10, respectively. 

 The weight of PHBV-PLGA electrospun fiber samples changed steadily 

with time (Figure 3.9). At the end of 90 days there was a 80% decrease in the 

sample weight which was probably due to the loss of mostly PLGA and on a small 

amount PHBV as expected from the degradation rate of PLGA being higher than 

that of PHBV (Lu et al., 2000, Ferreira et al., 2001). The weight of PHBV-P(L-

D,L)LA films remained almost stable for the whole duration (5% decrease in 

weight) (Figure 3.10). However, incorporation of PLGA increased the erosion rate 

of the films. Indeed a sharp 15% decrease in weight was seen between days 20 and 

30, and the total weight loss was around 35%. Surprisingly the porous PHBV-P(L-

D,L)LA-PLGA films had slower erosion rates (with a total weight loss of ca. 25%) 

compared to nonporous ones. A faster erosion in porous structures was expected 

due to higher penetration of the solvent (water). However, if bulk erosion with 

PLGA takes place due to inability of the degradation product, lactic acid and larger 

molecules, leaving the bulk then it is possible that the porous one may not have 

faster rate of erosion. Thus, the acidic degradation products of the porous films 

could be removed via pores. 
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Figure 3.9. Erosion profile of PHBV5-PLGA electrospun fibrous mat. 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Erosion profile of polymeric films. 
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3.2. In Vitro Studies  

 

3.2.1. In Vitro Studies of Human MSCs 

 

3.2.1.1. Comparison of Bone Marrow and Wharton’s Jelly-derived MSCs  

 

3.2.1.1.1. Flow Cytometric Analysis 

 

 The specific cell surface antigens of human BM and WJ (P2, P3 and P4) 

MSCs were analysed by flow cytometry. Positive cells were counted and compared 

with the corresponding immunoglobulin isotypes (Figure 3.11). The absolute 

positive cells were calculated considering the intersection of isotype control and 

positive sample (Figure 3.11.b-c). The expression of surface antigens of MSCs 

derived from BM and WJ are given in Table 3.3 based on isotype controls. MSCs 

derived from both cell sources were negative for hematopoietic markers CD34, 

CD45, and also for CD133 regardless of passage number. However; MSCs derived 

from both sources were strongly positive for MSC markers CD73, CD44, CD90, 

and also for HLA-ABC. BM MSCs were positive for CD106 and HLA-DR but its 

expression decreased by increase in passage number. However, WJ MSCs were 

negative for HLA-DR and expressed CD106 at low level at passages 2 and 4; in fact 

they had no CD106 expression at passage 4. MSC antigen CD105 was expressed in 

both cell sources but the increase in passage number leads to decrease in its 

expression especially in WJ MSCs. The expression of CD49d was completely 

negative in BM MSCs, while this antigen was slightly expressed by WJ MSCs and 

this low expression decreased by increase in passage number. The expression of 

CD29 was significantly low in BM MSCs compared to high expression in WJ 

MSCs, but this antigen was found to be present on BM MSCs obtained from 

another donor in amount comparable to that of WJ MSCs. 

 The flow cytometry results are consistent with previous studies and 

confirmed that MSCs express specific surface markers like CD105, CD73, CD44, 

CD90, and also HLA-ABC, and are negative for hematopoietic markers CD34, 

CD45 and also for CD133 (Bieback et al., 2004, Pittenger and Martin, 2004, Wang 
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et al., 2004). Unlike in BM MSCs, WJ MSCs were negative for immunogenic 

antigen HLA-DR, and this is in agreement with the results of Weiss et al.2006. The 

absence of HLA-DR in WJ MSCs in this study implies that these cells will be less 

prone to immune rejection in case of allogenic transplantation, because it is known 

that HLA-DR antigens are responsible for triggering humoral immune response 

(Burlingham et al., 2000). BM MSCs were also found to be moderately positive for 

the vascular cell adhesion molecule CD106, as expected according to several recent 

studies (Bieback et al., 2004, Pittenger and Martin, 2004), while WJ MSCs had low 

expression of this antigen. A significant decrease in CD105 expression in WJ MSCs 

by increase in passage number was shown also by Weiss et al. 2006. Simultaneusly, 

more dispersed cell clusters were seen in the dot-plot of flow cytometry data 

because of being non uniform in size as passage number increased from 2 to 4 in 

WJ MSCs. Therefore, this outcome points out that it would be better to use low 

passage number WJ MSCs, when all the cells in the population are in their 

undifferentiated state, in cell differentiation studies. A drop in proliferation rate and 

increase in granularity was obtained in WJ MSCs as the passage number increased 

from 2 to 4, implying that either the source used was not optimal or that the 

expansion medium used in this study (DMEM with 10% FCS, commonly used 

medium for BM MSCs growth) was not suitable for these cells. FCS contains some 

growth factors and its use in large amounts in expansion medium may promote 

unintentional differentiation or stem cell differentiation to unpredictable cell 

lineages.  
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Figure 3.11. a) The forward scatter versus side scatter dot-plot illustrates the gating 
strategy . The representative histograms for different antigen expression: b) positive 
expression of CD73, and c) negative expression of CD45 for bone marrow MSCs. 
The shaded area shows the profile of the gated positive cells, while the unfilled area 
shows the gated isotype control. 
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Table 3.3. The expression of surface antigens of MSCs derived from bone marrow 
and Wharton’s Jelly based on isotypes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Percentage of positive cells (Intersection of isotype control and positive sample  

 considered for calculation of absolute positives). 
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3.2.1.1.2. Evaluation of Cell Morphology by Staining Actin Filaments  

                  and Nucleus of MSCs 

 

 Human MSCs derived from BM and Wharton’s Jelly show the flat-

polygonal or spindle-shape fibroblastic morphology (Figure 3.12). It was observed 

that BM MSCs were to form a strict monolayer, whereas WJ MSCs were able to 

exceed a monolayer by crossing over each other. The other significant difference 

between the two cell types, WJ MSCs were more heterogeneous and usually larger 

in size compared to bone marrow derived MSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Fluorescence micrographs showing MSCs (P3) from human a) bone 
marrow, and b) Wharton’s Jelly (original magnification: x200). Red: F-actin stained 
with Alexa Fluor 546 labeled Phalloidin, blue: cell nuclei stained with Hoechst 
33342. 
 

 

 

3.2.1.1.3. Osteogenic Differentiation of Human MSCs 

 

 Osteoblasts secrete alkaline phosphatase (ALP) an extracellular enzyme 

during the early stages of mineralization, and the level of this enzyme is an 

indicator of osteogenic differentiation in in vitro studies. Using cell lysates ALP 
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activity of cells was determined spectroscopically by the determination of the 

product amount at the end of 1h incubation at 37oC for the enzymatic reaction. The 

activity results were expressed as μmol of substrate converted to product/min/250 

µL of lysate using the calibration curve for the enzymatic product (Appendix B1.a). 

Upon osteogenic induction for 21 days BM MSCs showed significantly high ALP 

activity (349.86 ± 16.11 µmoles substrate consumed/min) compared to WJ MSCs 

(7.13 ± 7.82 µmoles substrate consumed/min). This can be attributed to BM MSCs’ 

being already committed to enter the osteoblastic lineage; even undifferentiated BM 

MSCs show ALP activity. On the other hand, the determined WJ MSCs ALP 

activity was not very reliable the value being equal to its standard deviation. The 

ALP level could have been much lower like in nmol range so it could not be 

detected accurately.  

 

3.2.1.1.4. Adipogenic Differentiation of Human MSCs 

 

 Compared to undifferentiated MSCs (control), human MSCs from both 

sources induced with adipogenic stimulants for 21 days demonstrated a shift in cell 

morphological features from a primarily slender elongated morphology to a 

relatively spherical cell phenotype (Figure 3.13). The adipogenic differentiation was 

observed with cells which stained positive for lipid vacuoles by Oil Red-O. The 

morphology change and increase in oil vesicles’ amount were more significant in 

BM MSCs compared to WJ MSCs. Thus, the more oil vesicle formation and the 

higher ALP activity seen in BM derived MSCs indicate that BM MSCs can be in a 

later stage in mesodermal lineage compared to WJ MSCs. An immature adipogenic 

differentiation of WJ MSCs compared to BM MSCs was shown by 

Karahuseyinoglu et al. (2007), too. Considering WJ MSCs in an early stage in 

mesodermal lineage, these cells might need additional growth factors and/or longer 

time for complete differentiation into osteoblasts and adipocytes. 
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Figure 3.13. Light microscope images of human BM and WJ derived MSCs: 
cultured in regular medium for 21 days in the absence of adipogenic stimulants as a 
control and subjected to adipogenic induction medium for 21 days (original 
magnification: x200). The arrows show the oil vesicles formed upon adipogenic 
differentiation. 
 

 

 

3.2.1.1.5. Neural Gene Expression of Undifferentiated MSCs  

 

 The molecular mechanism of neural differentiation, which needs to be 

known to design experimental protocols to achieve complete differentiation of 

MSCs into functional mature neurons and glial cells, is not clear. It is known that an 

increase in cAMP by differentiation inducing agents activates the classical PKA 

pathway and starts the early steps of neural differentiation, while they are not able 

to maintain this process, and therefore, it is not useful for long-term in vitro survival 

of neurons (Jori et al., 2005). To understand the molecular mechanism of neural 
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differentiation it has to be known whether MSCs express genes of early neural 

proteins and/or transcription factors involved in neural development. 

 Undifferentiated BM and WJ MSCs were tested for their expression of 

neural specific markers. PCR primers for these markers were designed de novo, so 

they were proven to be specific for the mRNA of interest by using cDNA from 

human adult brain (Figure 3.14). The single bands obtained at the expected size by 

RT-PCR analysis showed that our primer design and PCR conditions were 

optimized successfully. Most of the specific neural gene products were found to be 

expressed in brain tissue. However, early neural markers NeuroD1 and 

Neurogenin1 were expressed in very low amounts (almost none) in the human adult 

brain. 

 RT-PCR results of untreated human MSCs derived from both BM and 

WJ (Figure 3.14) indicated that these cells do not express the astrocyte marker 

GFAP and early neural markers Pax6, and express NeuroD1 at a very low, almost 

undetectable, level. The other early neural marker Neurogenin1 was expressed at a 

low level in MSCs derived from both sources at all passages. The genes NeuroD1 

and Neurogenin1 could not be seen clearly in human brain and MSCs, therefore, 

their PCR products were sequenced. However, hMSCs derived from both sources at 

all passage numbers used had high expression of HES1, Enolase2, Nurr1, nestin and 

RARA. The presence of retinoic acid receptor, alpha (RARA) is a significant clue 

for the ability to differentiate since MSC differentiation to neural cells with retinoic 

acid is impossible in the absence of its receptor. The adult neural marker MAP2 was 

expressed in hMSC from both sources, but significantly expressed in BM MSCs at 

P3. 

 The expression of early and mature neural and glial genes by human BM 

and WJ MSCs was studied with RT-PCR to investigate the capacity of MSCs to 

differentiate into mature neurons and glial cells. It was revealed that most of the 

early neural lineage markers were expressed in human MSCs from both sources, 

suggesting neural differentiation potential. Several studies with MSCs of animals 

and humans showed that these stem cells are able to cross the barriers of different 

lineages, like mesodermal origined MSCs that can express the specific genes of 

neuroectodermal lineage (Woodbury et al., 2000, Tondreau et al., 2004, Bossoasco 
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et al., 2005, Kondo et al. 2005, Wislet-Gendebien et al., 2005, Hermann et al., 

2006). Thus, stem cells could express a wide variety of genes at low basal levels 

(Blondheim et al., 2006). Modulation of transcription factor expression and 

activation of these genes might result in transdifferentiation of the adult stem cells. 

Even though the low expression of early neural genes could not directly show that 

these adult stem cells would become neural cells, it implies their potential for neural 

differentiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.14. RT-PCR results for the gene expression of the early neural proteins 
and transcription factors in untreated human WJ and BM MSCs, compared to the 
expression at the corresponding human adult tissue (30 cycles). β-actin was used an 
internal standard. 
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 In order to find a clue for the neural differentiation predisposition of 

MSCs, the expression of specific transcription factors NeuroD1, Nurr1, Pax6, and 

HES1 was investigated, because these are directly or indirectly involved in 

neurogenesis and transiently expressed in neural precursor cells. In addition, the 

expression of NSC marker protein nestin, Enolase2, and mature astrocyte and 

neuron proteins GFAP and MAP2, respectively, were investigated. The potential 

role of some transcription factors and proteins in modulating neural phenotype will 

be discussed below. 

 An orphan receptor belonging to the nuclear receptor superfamily, 

Nurr1, which activates endogenous tyrosine hydroxylase in neural progenitor cells 

in the brain (Sakurada et al., 1999), is expressed in the early stages of 

embryogenesis, and also continues to be expressed into adulthood (Zetterstrom et 

al. 1996). Even though it was present at low levels, Nurr1 was expressed in the 

adult human brain as expected; and MSCs from both sources highly expressed this 

transcription factor. The expression of the other early neural markers, ngn1 and 

NeuroD1, could not be clearly seen in adult human brain, probably due to their 

being early neural markers. NeuroD1 expression was absent in both BM and WJ 

MSCs, but in contrast to adult brain cells these cells slightly expressed ngn1. The 

expression of NeuroD1 was not clearly detected in some studies carried out with 

MSCs from human bone marrow (Hermann et al., 2004) and also in the cells from 

umbilical cord blood (Habich et al., 2006). Helix-loop-helix protein HES1 

negatively regulates the development of CNS. Scintu et al.(2006) showed that 

HES1, involved in differentiation of BM MSCs into neural cells, was expressed in 

undifferentiated human BM MSCs. Its expression was significantly increased upon 

induction, and then decreased as neural differentiation proceeded. 

 The expression of nestin observed in the human MSCs derived from 

both sources is an important clue to show that these stem cells have already 

expressed neural lineage markers without induction. It was reported that the 

expression of nestin was seen in MSCs, and upon induction the expression was 

decreased in a significant and progressive manner (Scintu et al., 2006). Thus, the 

expression level of nestin should be followed during trandifferentiation of MSCs 

into neural cells. 
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 The constitutive expression of transcription factors and proteins, which 

has significant roles in neural development, by BM and WJ MSCs suggests that 

these cells can retain the ability for neural differentiation. Besides these early neural 

markers, the adult glial and neural markers were investigated. The astrocyte 

intermediate filament protein, GFAP was found in differentiated astrocytes in brain, 

but this mature astrocyte marker was not expressed in undifferentiated human 

MSCs. Even though some researchers showed GFAP expression in undifferentiated 

MSCs from bone marrow (Hermann et al., 2004, Bossolasco et al., 2005) and 

umbilical cord matrix (Mitchell et al., 2003), the expression of GFAP was not 

expected in these cells as was the case in several studies with rats and humans 

(Dezawa et al., 2004, Jeong et al., 2004, Tao et al., 2005, Habich et al., 2006). There 

was a controversy in the literature about the mature neuron marker, MAP2 

expression as in the case of GFAP. The low level expression of MAP2 by MSCs 

was reported in some studies (Jeong et al., 2004, Tao et al., 2005); but in several 

other studies MAP2 expression was not detected in MSCs (Dezawa et al., 2004, 

Habich et al., 2006). In the present study of this section, MAP2, which was highly 

expressed in mature neurons of the brain, had low expression in the Wharton’s Jelly 

MSCs and had a moderate expression in bone marrow MSCs, with especially 

significant expression seen at P3. 

 The expression of retinoic acid receptor is not directly involved in neural 

development. However, MSCs can be differentiated into neuron-like cells under in 

vitro conditions in the presence of agents such as retinoic acid and other growth 

factors (Sanchez-Ramos et al., 2001). Thus, for the differentiation of MSCs to 

neural cells with retinoic acid the expression of its receptor, RARA, is required. In 

the present study, its high level expression in undifferentiated MSCs implies that 

bone marrow and Wharton’s Jelly MSCs might differentiate into neurons upon 

induction by retinoic acid combined with appropriate supplements. 
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3.2.1.2. Characterization of Isolated Wharton’s Jelly MSCs  

 

3.2.1.2.1. Evaluation of Cell Morphology by Microscopy 

 

 Wharton’s Jelly MSCs were isolated from umbilical cord of two 

different women (A and B) and cultured in four different media (Section 2.2.2.1.1). 

According to the light microscope examination of the cell migration from tissue and 

their morphology, no significant difference was observed in terms of source, and the 

best media were #2 (DMEM low glucose:HAMF12 (1:1) with 10% FCS, 100 U/ml 

penicillin, 100 μg/ml streptomycin, 1 ng/ml of basic fibroblast growth factor 

(bFGF) and #4 (α-MEM: HAMF12 (1:1) with 2% FCS, 100 U/ml penicillin, 100 

μg/ml streptomycin) (Figure 3.15). The cell morphology was more homogenous and 

most of the cells had fibroblastic morphology which is a characteristic of MSCs in 

both media #2 and #4. However, the cells cultured with media # 1 and # 3 were 

mixed, and it seems that some were differentiated. Thus, the rest of the study was 

continued with cells cultured in media # 2 and # 4. The light microscope image 

presented in Figure 3.15.a. shows that the cells start to migrate from the edge of the 

tissue, and then spread all over the well, and after a while they start to form embroid 

body-like structures (Figure 3.15.b). When the cells reached confluency, they were 

detached from the 6 well plate and transferred to TCPS flask as Passage 1 (Figure 

3.15.d). MSCs isolated from the umbilical cord matrix have similar morphology 

with the cells derived from bone marrow. When the cells were grown at a low 

density, they mostly displayed a spindle-like shape, but when they reached 

confluency and started to grow in several layers, the cells became flat (Tropel et al., 

2004). Earlier studies claimed that MSCs isolated from bone marrow comprise a 

single phenotypic population forming symmetric, spindle-shaped colonies 

(homology up to 98%) (Pittenger et al., 1999). More recent studies, however, 

indicate that single-cell derived colonies of BM MSCs are morphologically 

heterogeneous, containing at least two different cell types: small spindle shaped 

cells and large cuboidal or flattened cells (Bruder et al., 1997, Im et al., 2005). In 

terms of proliferative potential, the cells have been also described as small rapidly-

renewing and large slowly-renewing (Reyes et al., 2001). Nevertheless, the latest 
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findings show that MSC colonies contain as much as three types of cells. The third 

fraction was described to be composed of very small rapidly self-renewing cells 

(Colter et al., 2001), which are reported as the earliest progenitors and possess the 

greatest potential for multilineage differentiation. The examination of these cells 

revealed that they were about 7 μm in width and had a high nucleus-to cytoplasm 

ratio. The indicated heterogeneous morphology was also seen in the isolated WJ 

MSCs in this study. There were small spindle-shaped and flattened cells in the 

culture. Moreover, it was revealed from light microscope examination that the cell 

size change when cultured in different media. MSCs cultured in medium #2 were 

smaller than the ones cultured in medium #4, and this change in cell size was seen 

in control samples in Figure 3.20 (Section 3.2.1.3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. Light microscope images of isolated human Wharton’s Jelly MSCs on 
TCPS: after 17 days of isolation a) A4 cells, and b) A2 cells; c) after 25 days of 
isolation B2 cells; d) B4 cells at passage 1 (A and B: two different donors, #2 and 
#4: two different media) (x100). 
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3.2.1.2.2. Growth Kinetics of Isolated WJ MSCs 

 

 The cell growth kinetics plots give information about doubling time of 

the cell line. The doubling time of the population is calculated from log phase 

(exponential part) of the graph and used to evaluate the response of the cells 

towards different inhibitory or stimulatory conditions, especially in stem cell studies 

since the multiple stem cell fates are regulated by both intrinsic and extrinsic 

controls. Determination of population doubling time is a useful point to be 

considered during the calculation of cell yields and the dilution factor required at 

subculture.  

 In WJ MSCs studies the population doubling time, approximately 60-85 

hours in early passages, dramatically declined as the passage number increases 

(Sarugaser et al., 2005, Karahuseyinoglu et al., 2007), and the number of population 

doublings vary from group to group (Weiss et al., 2006, Conconi et al., 2006, Lund 

et al., 2007), ranging from 20-60 until cells reach a replicative senescence without 

any sign of abnormal karyotype. 

 The growth curves of WJ MSCs were obtained by plotting increase in 

number of cells (Log number of cells) against time (h). The number of cells was 

determined by MTS assay using calibration curves for WJ MSCs grown in each 

culture conditions (Appendix C). The population doubling time of the isolated WJ 

MSCs in this study was determined as 25.5 h and 26.5 h for cells cultured in 

medium #2 and #4, respectively (Figure 3.16). MSCs reached growth saturation 

after about 200 h of incubation. It was revealed from growth curves that the 

difference in culture media was not effective on MSCs growth kinetic. 
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Figure 3.16. Growth kinetics of WJ MSCs cultured with growth medium: a) #2 
(doubling time 25.5 h), and b) #4 (doubling time 26.5 h). 
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3.2.1.2.3. Osteogenic Differentiation of Isolated WJ MSCs 

 

 The enzymatic activity results were expressed as nmol of substrate 

converted to product/min/300 µL of lysate using a calibration curve for the 

enzymatic product (Appendix B1.b). ALP activity of isolated WJ MSCs induced by 

osteogenic stimulants for 14 days was about two times higher than the ALP activity 

of the control cell which was WJ MSCs cultured with same medium in the absence 

of osteogenic stimulants (Table 3.4). The results showed that ALP activities of WJ 

MSCs cultured in medium #2 and #4 were not distinctively different. Thus, it 

implies that ALP activity does not depend on the culture medium used for the 

growth of cells before differentiation. As indicated in section 3.2.1.1.3. the increase 

in ALP activity shows the differentiation of isolated WJ MSCs into osteoblasts. 

ALP activity of WJ MSCs could not be detected properly at µmole level, therefore, 

ALP activity of isolated WJ MSCs were determined in nmole level. In addition the 

osteogenic induction periods for WJ MSCs used at MGH and Tufts University, 

Boston (USA) (21 days) and the ones isolated at METU (14 days) were not same, 

thus it is not feasible to compare their ALP activities.  

 The other indicator of osteoblastic differentiation is von Kossa staining 

for calcium deposition which starts to be formed upon osteogenic induction. 

Compared to control cells, WJ MSCs induced with osteogenic stimulants for 14 

days have calcium depositions which were stained red-brown (Figure 3.17). The 

calcium deposition was seen much more in MSCs grown in medium #2 compared 

to medium #4.  

 ALP activity and von Kossa staining results showed that MSCs, grown 

in medium #2 before differention, had slighthly higher tendency to differentiate into 

osteoblasts. The indications of osteoblastic differentiation like the increase in ALP 

activity and the von Kossa staining were not distinct at the end of 14 days. This 

could be made more distinct upon extension of the differentiation duration. 
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Table 3.4. ALP activity of WJ MSC (P3) cultured in growth media #2 and #4 as 
control and with osteogenic induction medium for 14 days 
 

WJ MSCs 
ALP Activity  

(nmoles substrate consumed/min) 

Control Osteogenic Differentiation 

Medium #2 0.702 ± 0.061 1.623 ± 0.197 

Medium #4 0.666 ± 0.127 1.280 ± 0.203 
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Figure 3.17. Light microscope images of WJ MSCs (P3) cultured with growth 
medium #2 and #4 as control and with osteogenic induction medium for 14 days 
after von Kossa staining (x100). 
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3.2.1.2.4. Chondrogenic Differentiation of Isolated WJ MSCs 

 

 Isolated WJ MSCs, grown in medium #4 and seeded at passage 3, 

demonstrated a shift in cell morphological features from a primarily slender, 

elongated morphology to a relatively spherical cell phenotype upon chondrogenic 

induction. WJ MSCs were cultured for 14 days in the presence of chondrogenic 

stimulants and, as a control, in the absence of stimulants. To confirm chondrogenic 

differentiation the cells were stained with Alcian Blue for mucopolysaccharides and 

immunostained with anti-collagen type II and anti-aggrecan which are normally 

secreted by chondrocytes. Compared to the control, Alcian Blue staining showed, 

with intense blue color, that chondrogenic differentiation increased the amount of 

polysaccharides (Figure 3.18). In addition, the secretion of collagen type II and 

aggrecan was increased upon chondrogenic induction (Figure 3.19).  

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3.18. Light microscope images of WJ MSCs a) control, and b) subjected to 
chondrogenic induction for 14 days. Alcian Blue staining (x200). 
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 The major function of BM MSCs is to form a tissue framework to 

provide mechanical support for the hematopoietic cell system. BM MSCs secrete a 

number of extracellular matrix proteins including fibronectin, laminin, collagen and 

proteoglycans (Devine and Hoffman, 2000). In this study, all indicators of 

chondrogenic differention were seen slightly in the controls (Figure 3.18 and 3.19). 

This indicates that WJ MSCs secretes some extracellular matrix components and 

form their own biological environment like BM MSCs which play a significant role 

in bone marrow microenvironment. 
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Figure 3.19. Immunofluorescence analysis of collagen type II and aggrecan 
expression of WJ MSCs with medium lack of induction (control) and with 
chondrogenic induction medium for 14 days (x200). 
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3.2.1.3. Differentiation of Human MSCs into Neural Cell Lineages 

 

3.2.1.3.1. Morphology of Cells upon Neural Induction 

 

 It has been commonly known that MSCs have an intrinsic potential to 

differentiate into mesodermal lineages like osteoblasts, chondrocytes and 

adipocytes under appropriate conditions, but they do not have a tendency to 

differentiate into other lineages. In recent years, a large number of studies have 

shown that the cells can transdifferentiate into lineages derived from the 

neuroectoderm (Phinney and Prockop, 2007). As a result research is concentrated 

on establishing the molecular mechanisms that regulate adult stem cell plasticity 

and also on developing ways to use it in therapy. These efforts have led to the 

publication of many protocols for inducing adult stem cells to differentiate in vitro 

across germinal boundaries, a process referred to as transdifferentiation. In most 

neural differentiation studies, several inducing agents have been used separately or 

in combination, and then their effect on neural gene expression was analyzed 

(Mitchell et al., 2003, Karhuseyinoglu et al., 2007).  

 MSCs were seeded on uncoated or laminin1 coated TCPS 24 well plate, 

and incubated in the preinduction medium for 24 h, followed by incubation in the 

neural induction medium. Detailed information on the conditions of seeded WJ 

MSCs used in neural differentiation, differentiation protocol and the examinations 

of cells upon induction are given in Table 3.5. In general MSCs incubated with 

preinduction medium containing valproic acid (VA) have the structures of cell 

bodies with long, thin processes and fibrillar extensions. The presence of this 

specific structure was enhanced upon retinoic acid treatment, especially at  

moderate concentrations, but it also led to significant cell death . The important 

stimulant which gave rise to larger and longer cells and enabled permanent neural 

like structure was VA. It is seen in Figure 3.20 that the preinduction medium 

without VA was not effective in changing the morphology of WJ MSCs. However, 

this neural morphology was not permanent when the differentiation medium 

contains FCS, and after the 5th day most of the cells lost their neural morphology 

and returned to typical MSC morphology. Thus, in order to extend the survival of 
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these cells in neural-like morphology, the neural induction was carried out with a 

medium containing a combination of the growth factor, VA, and the most important 

component B27 which mimics FCS.  

 MSCs, grown in medium #4 and then seeded at P3 and P4 on laminin1 

coated 24 well plate, were cultured for 24 h in a similar manner with preinduction 

(PI) medium containing 50µM forskolin, 10 ng/mL human EGF, 10 ng/mL bFGF 

and with 2 mM VA, and then the culture continued with neural induction medium 

supplied with 2 mM VA, 50 ng/mL IGF1, and 2% B27. The light microscopy 

examinations (Figure 3.21) showed that upon neural induction cells seeded at P3 

became longer, larger and thinner like the previous trials, whereas WJ MSCs seeded 

at P4 had dendritic or bipolar extensions resembling neural cells. These dendritic 

structures were common in WJ MSCs seeded at P4 after 24 h of preinduction, and 

then the cells with bipolar extensions became predominant and retained their neural 

cell morphology for a week by culturing with neural induction medium following 

preinduction. Thus, for the further studies on neural differentiation it was 

determined that WJ MSCs, grown in medium #4 and then seeded at P4 on laminin1 

coated surfaces, would be cultured in the preinduction medium (the expansion 

medium supplied with 50 µM forskolin, 10 ng/mL human EGF, 10 ng/mL bFGF 

and with 2 mM VA, without FCS) for 24 h, and then continued culturing in the 

neural induction medium (the expansion medium supplied with 2 mM VA, 50 

ng/mL IGF1, and 2% B27, without FCS) for 6 days. RT-PCR and 

immunocytochemistry analyses were carried out for these cells to investigate the 

expression of the specific neural markers. 



 

93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  T
ab

le
 3

.5
. S

om
e 

ne
ur

al
 d

iff
er

en
tia

tio
n 

tri
al

s o
f W

J M
SC

s a
nd

 th
e 

ou
tc

om
e 

 



 

94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 T
ab

le
 3

.5
. S

om
e 

ne
ur

al
 d

iff
er

en
tia

tio
n 

tri
al

s o
f W

J M
SC

s a
nd

 th
e 

ou
tc

om
e 

(C
on

t’d
) 

  



 

95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 T
ab

le
 3

.5
. S

om
e 

ne
ur

al
 d

iff
er

en
tia

tio
n 

tri
al

s o
f W

J M
SC

s a
nd

 th
e 

ou
tc

om
e 

(C
on

t’d
) 

  PI
: P

re
in

du
ct

io
n 

m
ed

iu
m

 c
on

ta
in

s 
th

e 
ex

pa
ns

io
n 

m
ed

iu
m

 s
up

pl
ie

d 
w

ith
 5

0 
µM

 fo
rs

ko
lin

, 1
0 

ng
/m

L 
hu

m
an

 E
G

F,
 1

0 
ng

/m
L 

bF
G

F 
an

d 
w

ith
 o

r w
ith

ou
t 2

 m
M

 v
al

pr
oi

c 
ac

id
 (V

A
) i

n 
th

e 
pr

es
en

ce
 o

r a
bs

en
ce

 o
f F

C
S.

 
M

ed
iu

m
  #

2:
 D

M
EM

 L
ow

 G
lu

co
se

:H
am

 F
12

 (1
:1

) w
ith

 P
en

/S
tre

p,
 1

0%
 F

C
S,

 1
 n

g/
m

L 
bF

G
F,

 0
.1

 m
M

 n
on

 e
ss

en
tia

l a
m

in
o 

ac
id

s. 
M

ed
iu

m
 #

4:
 α

-M
EM

:H
am

 F
12

 (1
:1

) w
ith

 P
en

/S
tre

p,
2%

 F
C

S 
an

d 
0.

1 
m

M
 n

on
-e

ss
en

tia
l a

m
in

o 
ac

id
s. 

  



 

96 

 

Figure 3.20. Fluorescence micrographs of Phalloidin-FITC and DAPI stained 
Wharton’s Jelly MSCs on laminin1 coated TCPS (x100) 
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3.2.1.3.2. Gene Expression of MSCs Analyzed by RT–PCR upon Neural 

                   Induction 

 

 As mentioned in section 3.2.1.1.5 the expression of genes of early neural 

proteins and/or transcription factors would give a clue about the molecular 

mechanism of neural differentiation and the protocol to be applied for induction.  

 Isolated WJ MSCs were analyzed for their expression of neural specific 

markers. Human neuroblastoma cell line was used as a control for optimization 

even the sequences of PCR primers used in this part were same with the ones used 

in section 3.2.1.1.5 (Figure 3.22). Some of the specific neural gene products were 

found to be expressed in neuroblastoma cell line such as nestin, Nurr 1, RARA, 

GFAP and slightly expressed MAP2. 

 RT-PCR results (Figure 3.22) revealed that undifferentiated human WJ 

MSCs (cultured in medium #4) at P2 and P3 expressed RARA and slightly GFAP, 

especially at P3. Thus, the expression profiles of WJ MSCs at P2 and P3 were very 

similar. However, this profile was slightly changed at passage 4. Besides RARA 

and GFAP, the faint expressions of nestin and Nurr 1 appeared at P4. Upon the 

determined neural differentiation cells expressed the same neural markers with 

MSCs at P4, but RARA expression was decreased. 

 There were controversial results about the expression of neural markers 

by human MSCs (Bossolasco et al, 2005, Dezawa et al., 2004, Hermann et al., 

2004, Jeong et al., 2004, Tao et al., 2005). In a similar way, in this study, the 

expressions of the neural markers were different than those results in section 

3.2.1.1.5. Most of the markers were not expressed by isolated WJ MSCs at METU 

(Figure 3.22), while they were expressed during similar studies in the USA (Figure 

3.14). The sequences of the primers’ and RNA isolation protocols were exactly the 

same. In general RT-PCR protocol was also the same but the brand of the kit was 

changed. The kit from Qiagen was used at MGH and Tufts University, Boston 

(USA), while the kit of Robust was used at METU. In addition, and more 

importantly the donors of WJ MSCs were different. These could lead to the changes 

observed in the expression of certain markers. 
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Figure 3.22. RT-PCR results for neural cell specific gene expression in 
undifferentiated and induced human WJ MSCs. For comparison the expression at 
the corresponding human neuroblastoma cell line is also presented (30 cycles).  
WJ MSCs (P4) induced to neural diff.: WJ MSCs, grown in medium #4 and seeded 
at P4, were cultured with neural induction medium for 6 days following 24 h 
preinduction. 
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3.2.1.3.3. Protein Expression Analysis of MSCs by Immunocytochemistry  

                  Upon Neural Induction 

 

 Isolated WJ MSCs, cultured in medium #4 and seeded at P4, were 

induced with preinduction medium (50 µM forskolin, 10 ng/mL human EGF, 10 

ng/mL bFGF and with 2 mM VA, without FCS) for 24 h and then cultured 6 more 

days in a medium containing 2 mM VA, 50 ng/mL IGF1, 2% B27 in the absence   

of FCS. At the end of the day 7 the cells were fixed with 4% PFA for 

immunostaining. WJ MSCs cultured with normal growth medium were used as a 

control since absence of FCS also has an effect on differentiation besides the 

stimulants. The light microscopy images demonstrated a significant change in the 

morphology from flat-spread cells to cells with distinctive cell body with thin 

extensions (Figure 3.23) as indicated in section 3.2.1.3.1.  

 β-Tubulin III (also designated β-4 chain) is found in the brain and  

dorsal root ganglia and appears to be localized to neurons of the central and 

peripheral nervous system, where its expression seems to increase during axonal 

outgrowth. The expression of the neural marker β-Tubulin III was not detected in 

the control, undifferentiated, WJ MSCs, whereas it was clearly seen in WJ MSCs 

induced with neural stimulants (Figure 3.23). After counterstaining with DAPI it 

was observed that the nuclei of differentiated cells were in the cell body part    

which was also stained with β-Tubulin III.  
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Figure 3.23. Light microscopy a and c) for cellular morphology and b and d) 
immunofluorescence of β-Tubulin III (Alexa Fluor 488 conjugated) expression of 
WJ MSCs (medium #4, P4). a-b) medium with no induction (control), and c-d) 
medium with neural induction for 6 days following preinduction for 24 h (x200). 
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3.2.2. In Vitro Studies of Mouse NSCs  

 

3.2.2.1. Evaluation of NSC Differentiation by Microscopy 

 

 Balb C mouse NSCs were cultured in a growth medium that consisted of 

(DMEM)/F12, human transferrin, bovine insulin, chemically defined lipids, sodium 

selenite, Pen/Strep with mouse EGF. The cells were differentiated into neurons in 

EGF-free growth medium, whereas they were differentiated into astrocytes when 

10% FCS was added to the EGF-free growth medium. The change in fibroblastic 

morphology of NSC upon induction was examined under light microscope 

(Olympus IX 70, Japan, with inverted phase contrast attachment) (Figure 3.24). It 

was observed that the cytoskeleton of cells became thinner upon neural induction 

(Figure 3.24.b), whereas the cytoskeleton had spread without any thin extension 

upon astrocyte induction (Figure 3.24.c).  

 The differentiation of NSC was demonstrated by immunocytochemistry 

(Figure 3.25). The expression of neural marker β-Tubulin III confirms the 

differentiation of NSCs into neural cells, whereas astrocyte marker GFAP 

expression shows the differentiation into astrocytes. β-Tubulin III was expressed by 

undifferentiated NSCs and widely distributed in the whole cell; however, in 

undifferentiated state NSCs did not express GFAP (Figure 3.25. a-b). Besides β-

Tubulin III expression, NSCs, which were induced to differentiate into neurons, 

started to express GFAP at a low level (Figure 3.25.c-d). Upon astrocyte induction, 

the cells expressed GFAP significantly while they could not express β-Tubulin III 

(Figure 3.25.e-f). 
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Figure 3.24. Light microscopy images of a) undifferentiated NSCs (x200), b) NSCs 

after neuron differentiation (x400), and c) NSCs after astrocyte differentiation 

(x200). 
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Figure 3.25. Immunofluorescence analysis of neural markers upon NSC 
differentiation. Undifferentiated NSCs a) β-Tubulin III-488, and b) GFAP-532; 
NSCs differentiated into neurons c) β-Tubulin III-488, and d) GFAP-532; NSCs 
differentiated into astrocytes e) β-Tubulin III-488, and f) GFAP-532 (x200). 
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3.2.3. Behavior of Stem Cells on Electrospun Fibrous Mats and  

                   Micropatterned Films  

 

3.2.3.1. Cellular Organization and Alignment on Scaffolds 

 

 In order to mimic the native nerve tissue organization, the 3D tubular 

construct designed would have a porous, micropatterned film on the outer part and 

an electrospun fiber bundle within the tubular structure (as presented in Figure 2.5). 

Stem cells would recognize the topography on both components, and would align 

along the axis of each component of the construct. Human MSCs isolated from 

umbilical cord matrix and mouse NSCs were seeded and cultured for several days 

(2-4 days) on micropatterned surfaces having different groove dimensions and on 

aligned electrospun fibrous mats separately, and their properties such as 

cytoskeleton and nucleus orientation on these structures was investigated. 

 Before seeding the WJ MSCs, the two components of the scaffold were 

coated with laminin1 to enhance neural cell survival, proliferation and 

differentiation, especially on the fibrous mat on which WJ MSCs would be 

differentiated into neural cells. WJ MSC cytoskeletal organization on TCPS 

demonstrated that these cells have an inherent tendency to align when they start to 

be confluent (Figure 3.26). The reason could be that the cells interacted with other 

cells and had some guidance. In order to enhance this guidance and ensure it at low 

densities, MSCs’ behavior was examined on micropatterned films having different 

groove dimensions and also on aligned electrospun mats. The patterns, inclined 

walls with 2 µm wide grooves and perpendicular walls with 5 µm and 15 µm wide 

grooves, were used to study the alignment of cells. Compared to TCPS surfaces, 

MSCs on all the microgrooved films were located in the grooves and aligned 

parallel to the groove axis (Figure 3.27). However, the cells on inclined wall films 

were able to fit side by side within the 2 µm wide grooves in some regions, which 

was made possible by the inclination of the groove going from 2 µm at the bottom 

to 50 µm at the top (Figure 3.27.a). Thus, it was found that the narrower the grooves 

(like the perpendicular wall patterns) the more distinct was the cell body and 

nucleus alignment and elongation within the grooves (Figure 3.27). There was no 
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significant difference in cell alignment on the perpendical wall films wide 5 µm and 

15 µm wide grooves (Figure 3.27.b-c). 

 Considering the preferred dimension of the final construct (3 cm in 

length), the micropatterned films with a groove width of 15 µm were used in the 

later studies. Since the dimensions of the templates used in this study were 1x1 cm2 

and it was not possible to put three films end to end without disconnecting the 

patterned channels. Therefore, three B1 PDMS replicas were combined and used as 

a mold to obtain the 3 cm long micropatterned film. Moreover, the outer film part 

had to be porous. It is seen in Figure 3.28 that cell guidance is preserved on this 

porous, micropatterned film, even though the depth of the film was slightly less 

than original. The cytoskeletal and nuclear orientation was clearly seen in the 

enlarged view of WJ MSC stained with Phalloidin for cytoskeleton and DAPI for 

nucleus (Figure 3.28.b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26. Fluorescence micrograph of Phalloidin-FITC and DAPI stained 
Wharton’s Jelly MSCs on laminin1 coated TCPS (x100). 
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Figure 3.27. Fluorescence micrographs of Phalloidin-FITC and DAPI stained WJ 
MSCs on PHBV-P(L-D,L)LA micropatterned films. a) inclined-wall film, GW: 2 
µm (A4), and b) 900-wall films, GW: 5 µm (B1), and c) 900-wall films, GW: 15 µm 
(B1 PDMS) (x100, scale bar 250 µm) (two sided arrow: direction of groove axis). 
After 2 days of culture. 
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Figure 3.28. Fluorescence micrographs of Phalloidin-FITC and DAPI stained WJ 
MSCs on laminin1 coated, micropatterned, porous PHBV-P(L-D,L)LA-PLGA film. 
a) x100, scale bar: 250 µm and b) x200, scale bar: 100 µm (two sided arrow: 
direction of groove axis). After 4 days of culture. 
 

 

 

 

 Fluoresence and confocal microscopy examinations demonstrated that 

cytoskeleton and nucleus of WJ MSCs were aligned along the electrospun mat 

following the fiber axis (Figures 3.29 and 3.30). The confocal microscopy 

examination of Acridine Orange stained WJ MSCs on electrospun fibers gave 

information about the cell distribution within the mat by taking sectioning in z-

direction. The cross-sectional view of the mat showed that the cells were found not 

just on the surface but also inside the mat. This was not an unexpected result since 

the cells could penetrate through fibers if the fiber density is suitable (Figure 3.30). 
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Figure 3.29. Fluorescence micrographs of Phalloidin-FITC and DAPI stained WJ 
MSC on laminin1 coated PHBV-PLGA electrospun mat a) x50, scale bar:500 µm 
and b) x100, scale bar:250 µm (two sided arrow: direction of aligned fiber axis). 
After 4 days of culture. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.30. Confocal micrographs of Acridine Orange stained WJ MSCs on 
laminin1 coated PHBV-PLGA electrospun mat. a) x50, scale bar: 500 µm, and b) 
x100, scale bar: 250 µm. c) cross-section of the cells on the mat (two sided arrow: 
direction of aligned fiber axis). After 4 days of culture. 
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 Normally, NSCs are loosely adherent cells and require fibronectin to 

attach even on surfaces like TCPS. Therefore, both micropatterned films and 

electrospun mats were coated with fibronectin before seeding. NSCs did not have a 

natural tendency of alignment on non-guiding surfaces like TCPS, and they grew in 

clusters, especially in crowded regions (Figure 3.31.a). For the cell guidance studies 

micropatterened films were used. NSCs on inclined wall films were found in and at 

edges of the grooves but did not align like the ones on perpendicular wall films 

(data not given). Since these cells were mouse NSCs and their size was smaller 

compared to human cells, they could respond to patterns with narrower grooves. 

The single NSC adapted their body to the width of the grooves on the films with a 

groove width of 5-15 µm and aligned along the groove axis (Figure 3.31.b-c). The 

micropattern with 15 µm wide grooves (B1 PDMS) was chosen for further studies 

taking into consideration a certain enlargement of cell upon differentiation into 

astrocytes. For NSC studies stem cells would be differentiated into astrocytes to 

support and enhance NSCs’differentiation into neurons on the electrospun mats. 

Similar to WJ MSCs, NSC alignment was observed on porous micropatterned 

surfaces (Figure 3.32). The cytoskeleton and nucleus staining with Phalloidin-DAPI 

and Acridine Orange showed that these cells could align in clusters along the fiber 

orientation on mats (Figures 3.33 and 3.34). The penetration of NSCs into the mat 

could be seen from the cross-sections of the 3D images of the mats (Figure 3.34). 
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Figure 3.31. Fluorescence micrographs of Phalloidin-FITC and DAPI stained NSCs 
on fibronectin coated. a) TCPS (x200), PHBV-P(L-D,L)LA micropatterned films: 
b) GW: 5 µm, and c) GW: 15 µm (x100) (two sided arrow: direction of groove 
axis). After 5 days of culture in appropriate media. 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.32. Fluorescence micrographs of Phalloidin-FITC and DAPI stained NSCs 
on fibronectin coated, micropatterned, porous PHBV-P(L-D,L)LA-PLGA film       
a) x100, scale bar: 250 µm, and b) x200, scale bar: 100 µm (two sided arrow: 
direction of groove axis). After 4 days of culture. 
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Figure 3.33. Fluorescence micrographs of Phalloidin-FITC and DAPI stained NSCs 
on fibronectin coated PHBV-PLGA electrospun mat. a) x50, scale bar: 500 µm, and 
b) x100, scale bar: 250 µm (two sided arrow: direction of aligned fiber axis). After 
4 days of culture. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34. Confocal micrographs of Acridine Orange stained NSCs on 
fibronectin coated PHBV-PLGA electrospun mat. a) x100, scale bar: 250 µm, and 
b) x400, scale bar: 250 µm. c) cross-section of the cells on the mat. (two sided 
arrow: direction of aligned fiber axis). After 4 days of culture. 
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3.2.3.2. Proliferation and Cell Activity of Stem Cells on Scaffolds 

 

 The cellular activity and the proliferation of stem cells on the two-

component scaffold were determined with MTS assay. Absorbance values recorded 

from MTS assay were converted to cell number using calibration curve for each cell 

type and culture conditions (Appendix C). The stem cells were seeded on the films 

or the mats at a density of 2x 104 cells/sample and then MTS was done after one 

day to determine cell density. In order to observe cell growth and proliferation rate 

on these surfaces MTS was done on day 7 and 14. 
 WJ MSCs cultured with medium #2 and medium #4 were seeded on 

untreated or laminin1 coated, aligned electrospun fibrous mats. MTS results 

obtained after a day of seeding showed that the actual seeding density was around 

2x 104 cells for all samples but with some variation especially on fibrous mats 

(Figures 3.35 and 3.36). This is expected considering the porosity of the mats. The 

fibrous mat is like a sieve and the cells leak from the mat. The remaining WJ MSCs 

survive and increase in number by time. It is seen that WJ MSCs could attach and 

grow on electrospun mats as they do on TCPS with a similar rate, especially the 

ones cultured in medium #4 (Figures 3.35 and 3.36). A significant increase of 

MSCs was determined on day 14 on electrospun mats compared to TCPS. WJ 

MSCs could not find a free space to proliferate on TCPS, whereas they could 

proliferate within electrospun mats. Even though the WJ MSCs prefer the TCPS 

some what more than the laminin1 coated surfaces, laminin1 coated surfaces were 

used in later studies after taking into consideration its positive effects on neural 

culture and differentiation. WJ MSCs cultured in medium #4 were seeded on 

laminin1 coated, porous, micropatterned films. Although WJ MSCs on 

micropatterned films had a lower proliferation rate than the ones on TCPS, these 

cells could grow and increase in number on patterned surfaces (Figure 3.37). 

Moreover, the small change in cell number on micropatterned surfaces from day 7 

to day 14 could be due to approaching confluency around day 7.  
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Figure 3.35. Proliferation of WJ MSCs cultured in medium #2 on PHBV5-PLGA 
electrospun mat compared to TCPS (w/ Lmn and w/o Lmn: surfaces coated with 
laminin1 and without laminin1 coating, respectively). 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 3.36. Proliferation of WJ MSCs cultured in medium #4 on PHBV5-PLGA 
electrospun mat compared to TCPS (w/ Lmn and w/o Lmn: surfaces coated with 
laminin1 and without laminin1 coating, respectively). 
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Figure 3.37. Proliferation of WJ MSCs cultured in medium #4 on porous, 
micropatterned (MP) PHBV-P(L-D,L)LA-PLGA film compared to TCPS (w/Lmn: 
surfaces coated with laminin1). 
 

 

 

 NSCs were seeded on fibronectin coated electrospun fibrous mats and 

porous micropatterned films to investigate their proliferation rate on the surfaces. 

NSCs were cultured in regular growth medium by maintaining the undifferentiated 

state, whereas NSCs on micropatterned surfaces and their relative TCPS samples 

were cultured in regular growth medium for 4 days and then cultured in astrocyte 

induction medium for the following days. Unlike MSCs results, the undifferentiated 

NSCs increased in number more on TCPS than on the mats (Figure 3.38). This 

could be due to that NSCs could grow in clusters on TCPS exceeding monolayer. 

The other reason might be that these loosely adherent cells attached weakly on the 

mats due to the insufficient fibronectin coating of the mats, which resulted in a less 

cell number on the mats. It was observed that differentiation of NSCs into 

astrocytes arrested the cell growth on both TCPS and the patterned films compared 

to undifferentiated NSCs (Figures 3.38 and 3.39). The number of astrocytes on 

micropatterned film was almost same on days 7 and 14 (Figure 3.39). This implied 
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the confluency reached after day 7 and also the decrease in proliferation rate upon 

astrocyte differentiation. The arrest in growth by astrocyte induction was also 

indicated on the cell supplier page (ATCC). According to Figure 3.39, the 

micropatterning had a positive effect on proliferation even though the cells were 

differentiated into astrocytes.  

 MTS results revealed that the undifferentiated WJ MSCs and the 

undifferentiated and the differentiated NSCs were grown and increase in number on 

both parts of the final construct.  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 3.38. Proliferation of NSCs on PHBV5-PLGA electrospun mat compared to 
TCPS (w/Fnc: surfaces coated with fibronectin). 
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Figure 3.39. Proliferation of NSCs on porous micropatterned (MP) film compared 
to TCPS (w/Fnc: surfaces coated with fibronectin). 
 

 

 

3.2.4. Formation of the Tubular Construct and Stem Cell Behavior in 3D 

                  Scaffold 

 

 The two components of the 3D structure were the porous micropatterned 

film and the aligned electrospun fibrous mat. The mat was placed on the patterned 

film, and then the final tubular structure was constructed by rolling the 

micropatterned film over the eletrospun mat with the micropatterns facing inside 

(Figure 3.40). The tubular form was maintained by the aid of elastic bands, glue 

and/or by suturing. The cross-section of the construct in Figure 3.40 demonstrates 

the bundle of fibers placed inside the tube and covered with the porous 

micropatterened film (Figure 3.40). SEM images show that the direction of the 

aligned fibers was parallel to the groove axis of the micropatterned film without any 

distruption as desired. This is critical because the cells on each surfaces has to be 

aligned in the same (axis) direction (the direction indicated with two sided arrows in 

Figure 3.40). 
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 In the study the final tubular construct was formed after culturing cells 

separately on the individual parts of the scaffold (Figure 3.41). Isolated human WJ 

MSCs were seeded at P3 on the laminin1 coated porous micropatterned films (1x3 

cm2) at a density of 7 x 104 cells. They were also seeded at P4 on the laminin1 

coated electrospun mats (1x3 cm2) at a density of 105 cells. WJ MSCs on the 

patterned film were cultured in the normal growth medium, while the cells on the 

mat were induced by the established neural differentiation protocol (Section 

3.2.1.3). After taking the cell death upon differentiation into consideration the 

seeding density for the mats was increased. The cells on each carrier were cultured 

separately in their indicated media for 7 days, and the tubular construct was 

prepared by rolling the patterned film over the fibrous mat. The tubular structure 

was stabilized with elastic bands and glue besides suturing (Figure 3.41). Following 

the tube construction, the cells were cultured in the differentiation medium for three 

more days. At the end of the culture, the construct was cut into three pieces (each 1 

cm long), and the two components of the construct were separated and the number 

of cells on them were determined by MTS, and also the cells on each components 

were analyzed with confocal microscopy for cellular behavior, with RT-PCR for 

gene expression and with immunocytochemistry for protein expression. 
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Figure 3.40. Formation of 3D construct and various cross-sectional views of the 
construct by SEM (EM: electropsun mat, MPF: porous micropatterned film) 
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Figure 3.41. The cells were cultured separately on the micropatterned film and the 
fibrous mat. Then 3D tubular construct was formed by the rolling micropatterned 
film over the fibrous mat and the tube form was stabilized with elastic bands (EB) 
and a glue. 
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 The viability of MSCs at each step of tube formation was quantified by 

MTS assay. The cell numbers given in Table 3.6 belong to one third of the original 

construct. According to MTS results, rolling the carriers into tubes did not affect the 

cell viability; however, the cell culturing in the tubular construct in the diffentiation 

medium for three more days led to a substantial decrease in cell viability (by 50%) 

on both micropatterned films and electrospun mats. These results showed that the 

over culturing in the differentiation medium led to cell death, which was expected 

because it was mentioned that differentiation protocol kills the cells, only some of 

them can survive like on TCPS. It would be better to implant these constructs just 

after tube formation. The cell viability after culturing cell in the tubular construct 

for 3 days was qualitatively shown by confocal microscopy of Acridine Orange 

stained cells (Figures 3.42 and 3.43). It was observed that the cells could still be 

found on electrospun mats and patterned films without any change in their 

alignment. Moreover, the cross-sectional view of electrospun mat proved the 

continued presence of cells within the fibrous mat (Figure 3.42.c). 

 RT-PCR and immunocytochemistry studies were carried out to 

investigate the differentiation of WJ MSCs into neural cells on the electrospun mat 

while on the micropatterned films the cell would be retained in undifferentiated 

state. The appearance of nestin and Nurr1 expression like the ones in differentiated 

cells in section 3.2.1.3.2 would be an indicator of neural differentiation (Figure 

3.44). On the other hand, the cells on the patterned film showed similar expression 

with undifferentiated MSCs as expected. To support the RT-PCR results the 

expression of neural protein β-Tubulin III was examined by fluorescence 

microscopy. It was observed that the neural induced MSCs on the fibers intensively 

expressed this neural marker, while it was slightly expressed by the MSCs on the 

patterned films (Figures 3.45 and 3.46). Moreover, the neural morphology with thin 

bipolar extensions was clearly seen in Figures 3.45. c-d.  
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Table 3.6. Number of WJ MSCs on the micropatterned film and the fibrous mat 
before and after tube formation and after culturing in tubular form for 3 days (n=2) 
 

WJ MSCs Micropatterned Film Electrospun Mat 

Before tube formation 35 898 ± 3 740 19 765 ± 1 002 

After tube formation 34 262 ± 1 908 31 677 ± 1 645 

Cultured in tube for 3 days 16 234 ± 88 15 717 ± 117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.42. Confocal micrographs of Acridine Orange stained WJ MSCs on the 
electrospun mat cultured for 3 days following tube formation. a) x500, scale bar: 
500 µm, and b) x100, scale bar: 250 µm, and c) is the cross-section of (a) (two sided 
arrow: direction of aligned fiber axis).  
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Figure 3.43. Top and side view confocal micrographs of Acridine Orange stained 
WJ MSCs on the porous micropatterned film cultured for 3 days following tube 
formation (x100, scale bar: 250 µm) (two sided arrow: direction of groove axis). 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.44. RT-PCR results for neural cell specific gene expression by the WJ 
MSCs on the components of the construct (30 cycles). 
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Figure 3.45. Immunofluorescence analysis of β-Tubulin III expression of WJ 
MSCs on the electrospun mat at the end of 10 day of culture: a) x50, scale bar: 500 
µm, b) x100, scale bar: 250 µm, and c and d) x200, scale bar: 100 µm (two sided 
arrow: direction of aligned fiber axis). 
 

 

 

 

 

 

 

 

 

 

 
Figure 3.46. Immunofluorescence analysis of β-Tubulin III expression of WJ 
MSCs on the porous micropatterned film at the end of 10 day of culture: a) x50, 
scale bar: 500 µm, b) x100, scale bar: 250 µm, and c and d) x200, scale bar: 100 µm 
(two sided arrow: direction of groove axis). 
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 This construct was designed with MSCs considering that the 

undifferentiated MSCs on the outer part would support the survival and enhance the 

differentiation of neural induced MSCs on the mats. Thus, all results showed that 

the cells could survive and retain alignment in the tubular construct, and the MSCs 

were found on the micropatterned films while the neural induced MSCs were found 

on the electrospun mats as desired. 

 Mouse NSCs were seeded on the fibronectin coated porous 

micropatterned films (1x3 cm2) at a density of 105 cells, whereas they were seeded 

on the fibronectin coated electrospun mat (1x3 cm2) at a density of 6 x 104 cells. 

NSCs on the film were cultured with normal expansion medium for 4 days and then 

with astrocyte induction medium for 5 days. Meanwhile NSCs on the mat were 

cultured in expansion medium for 9 days. The seeding density for the films was 

higher than films considering the decrease in proliferation rate upon differentiation 

into astrocytes. The cells on each surface were cultured separately in the indicated 

media, and the tubular construct was formed by rolling patterned film over fibrous 

mat. The tubular structure was maintained with the use of elastic bands and suturing 

(Figure 3.41). After the tube construction NSCs were cultured in the neural 

induction medium for two more days. At the end of the co-culture, the construct 

was cut into three pieces (each 1 cm long). The electrospun mat and the 

micropatterned film were separated for analysis of cell proliferation with MTS, 

confocal microscopy for cellular behavior, and immunocytochemistry for protein 

expression. 

 The viability of the cells on each components of the scaffold was 

determined quantitatively by MTS assay and also demonstrated with confocal 

microscopy of these cells. It was observed that the cell number on both the interior 

and exterior of the scaffold decreased significantly upon tubular construction (Table 

3.7). However, the increase in cell number on the micropatterned film at the end of 

co-culture in tube demonstrated that the cells were able to survive and grow in the 

3D constructs. The decrease in cell number on the electrospun mat upon co-culture 

might be due to cell death in the neural induction medium which was also observed 

on TCPS. The cell viability and guidance was shown in confocal micrographs of 

cells on patterned film and mats after co-culture (Figures 3.47 and 3.48). The 
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guided NSCs on the rolled electrospun mat were found throughout the mat (cross-

section view in Figure 3.47). Astrocyte induced cells on micropatterned film were 

able to preserve their alignment (Figure 3.48). It was thought in the design that the 

alignment of astrocytes on the micropatterned films would enhance the guidance of 

NSCs on electrospun mat, and also provide some growth factors to support NSC 

differentiation and survival. The β-Tubulin III expression of NSCs on the 

electrospun mat demonstrated that the undifferentiated cells were not affected from 

co-culturing with astrocyte-induced cells in a negative manner (Figure 3.49). The 

astrocyte induced NSCs expressed GFAP on micropatterned films, which proved 

their retention of astrocytic character (Figure 3.50). Thus, as was planned the 

undifferentiated NSCs inside tube on aligned fibers were covered with the 

astrocytes on the micropatterned films, and could be co-cultured for a few days.   

 

 

 

 

Table 3.7. Number of NSCs on the micropatterned film and the fibrous mat before 
and after tube formation and after culturing in tubular form for 2 days (n=2) 
 

NSCs Micropatterned Film Electrospun Mat 

Before tube formation 478 529 ± 8 735 1 090 221 ± 34 627 

After tube formation 104 853 ± 9 775 631 985 ± 1 352 

Cultured in tube for 2 days 184 706 ± 15 806 118 235 ± 6 655 
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Figure 3.47. Confocal micrographs of Acridine Orange stained NSCs on the 
electrospun mats cultured for 2 days following tube formation. a) x500, scale bar: 
500 µm, b) x100, scale bar: 250 µm, and c) is the cross-section of (a) (two sided 
arrow: direction of aligned fiber axis). 
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Figure 3.48. Confocal micrographs of Acridine Orange stained NSCs on the porous 
micropatterned film cultured for 2 days following tube formation. a) x500, scale 
bar: 500 µm, and b) x100, scale bar: 250 µm (two sided arrow: direction of groove 
axis).  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.49. Immunofluorescence analysis of β-Tubulin III expression of NSCs on 
the electrospun mat at the end of 11 days culture: a) x100, scale bar: 250 µm, and b) 
x200, scale bar: 100 µm (two sided arrow: direction of aligned fiber axis). 
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Figure 3.50. Immunofluorescence analysis of GFAP expression of NSCs 
differentiated into astrocytes on the porous micropatterned film at the end of 11 
days culture: a) x100, scale bar: 250 µm, and b) x200, scale bar: 100 µm (two sided 
arrow: direction of groove axis). 
 

 

 

 Considering WJ MSCs results the reason for cell death by over culture 

in tubular structure might seem to be the insufficient nutrient diffusion into the 

construct. However, the same study carried out with NSCs showed that the cells 

existed following culturing in the tube. Thus, the decrease in the cell number of WJ 

MSCs in tubular structure was most probably because of the cell death upon co-

culture in neural induction medium. The cells in the tube were cultured in static 

conditions. To improve and support the results the tubular construct need to be 

cultured in dynamic conditions or investigated in in vivo studies to check its 

performance. 

 The studies of the tubular construct formation to mimic nerve tissue 

using cell sources human MSCs and mouse NSCs revealed that the cells in the 

appropriate state (undifferentiated or differentiated form) were able to survive in 3D 

construct. In addition, the cells, which would be neurons, on the electrospun mat 

were able to retain their alignment following culturing in the tube for a few days. 

The cell guidance on the other component was also important since they would 

enhance alignment of the cells on mat as well as support them. 
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 Various 3D nerve tubes were designed by many groups, like porous 

hollow tubes or tubes with intraluminal channels or nerve guide conduits with 

internal polymer filaments (Yu and Shoichet, 2005, Zhang et al., 2005b, Lietz et al., 

2006, Wang et al., 2006). Besides topographical cues, chemical cues such as 

laminin derived oligopeptides (Yu and Shoichet, 2005) and biological cues such as 

support cells (Lietz et al., 2006) were used to obtain an improved nerve tube. 

However, the nerve tube designs found in the literature possessed only some of the 

properties that are essential in an ideal scaffold. In the present study, a combination 

of topographical, chemical and biological cues were brought together to achieve 

optimum in vivo performance. In most of the nerve tube constructs support cells 

were used to enhance the neurite outgrowth. As a unique approach, besides the 

presence of support cells, we seeded stem cells on aligned electrospun fibers inside 

the tubular construct to speed up the healing process. 

 In the use of 3D scaffolds some key points such as uniform cell seeding 

over the scaffold and the maintenance of cell viability within the 3D structure 

should be considered. Schwann cells were extensively used as support cells in 3D 

scaffolds for nerve tissue engineering. It was revealed in one of the studies that 

these cells are able to survive for at least 48 h in multiple-channel, biodegradable 

scaffolds in in vitro conditions (Moore et al., 2006). In the present study stem cells 

derived from both sources (mouse NSCs and humanWJ MSCs) were seeded 

uniformly and in a specific manner (stem cells on the fibers would be differentiated 

by chemical compounds and by the help of support cells on the exterior part of the 

tube). The promising results of the cell viability and cell behavior tests obtained 

with the designed 3D constructs make it a potential tissue engineered nerve tube for 

further testing in vivo. 
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CHAPTER 4 
 

 

CONCLUSIONS 
 

 

 

 A 3D, biodegradable, polymeric nerve guide was constructed to restore 

the function of truncated nerve tissue. The construct was composed of two parts: the 

porous, micropatterned film as the exterior part and the aligned electrospun fibrous 

mat as the interior part. The final nerve tube was 30 mm in length and 3 mm in 

diameter. 

 The patterned film with microgrooves was successfully obtained by 

solvent casting technique, and the porosity was achieved by leaching out of PEG in 

distilled water. 

 Two different cell sources, human MSCs and mouse NSCs, were used in 

this study. Moreover, human MSCs derived from bone marrow and umbilical cord 

matrix Wharton’s Jelly were characterized at MGH and Tufts U. (USA) and the 

results obtained by flow cytometry and mesodermal lineage differentiation studies 

confirmed that these cells had characteristics of MSCs. Their neural gene 

expression analysis showed that MSCs derived from both cell sources had a 

potential to differentiate into neural cells.  

 The behavior of human MSCs and mouse NSCs on the oriented 

electrospun fibrous mat and on the porous micropatterned films was investigated by 

examining cellular organization and alignment of cells and determining their 

proliferation on these surfaces. The cytoskeleton and nuclei of human MSCs and 

NSCs were aligned along the axis of the grooves on the porous micropatterned 

films, and also aligned on the electrospun mat along the axis of the fibers. 

Moreover, the cells were able to penetrate into the mat, and were found to populate 

the whole mat. The proliferation results showed that both MSCs and NSCs were 
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able to grow and increase in number on the patterned films and on the electrospun 

mats.  

 In order to be used in nerve tissue engineering a 3D nerve tube was 

needed. This was constructed using human MSCs and mouse NSCs. The results 

showed that the cells in the appropriate state (undifferentiated or differentiated 

form) were able to survive within the nerve tube. To mimic nerve tissue with 

oriented nerve bundles, the cells, which would become neurons, on the electrospun 

mat had to be well aligned. The cell guidance on the exterior part of the nerve tube 

was also important since they would enhance alignment of the cells on mat as well 

as support them. The stem cell behavior in 3D studies demonstrated that the cells on 

each component of the scaffold were able to retain their alignment after 3D tube 

formation and following the culturing in this tube for several days.  

 This approach offers a promise for regeneration of large defects in 

nerves using stem cells derived from patient’s own tissue. Thus, the complications 

faced in nerve autografts and artificial conduits like immune rejections, donor site 

morbidity, and limited availability of nerve grafts could be avoided by using the 

presented stem cell-based tissue engineered guided nerve tubes. 
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CHAPTER 5 
 

 

FUTURE PROSPECTS 
 

 

 

 In the current study, a tissue engineered 3D nerve tube composed of an 

aligned electrospun fibrous mat and a porous micropatterned polymeric film was 

constructed using stem cells. The cell viability and guidance in the tubular structure 

was demonstrated. Preferentially, the differentiated neurons are functional to use in 

an implant. As a short term improvement, further evaluation of functionality and 

synaptic reconnections are necessary to confirm the feasibility of the current design. 

Calcium imaging experiments need to be performed with confocal microscopy to 

follow calcium flux inside the neurons. Cells within a degradable nerve tube will be 

loaded with the calcium indicator such as Fluo-3, and the changes in [Ca2+] will be 

monitored as changes in the relative fluorescence of Fluo-3. 

 The present studies were carried out under in vitro conditions. In order 

to be used as a tissue engineered product the construct, as a midterm goal, will be 

tested in vivo and its functionality and tissue response will be investigated. Thus, 

experiments in rats or rabbits will be of interest for future studies.The presence and 

location of neurons and support cells in the construct will be shown by histological 

examinations. The functionality will be studied by behavioral assesstment and 

electrophysiological experiments like action potential measurements.  
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Figure A.1. Maternal consent of 28 years old donor 
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Figure A.2. Maternal consent of 32 years old donor 
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APPENDIX B 
 

 

CALIBRATION CURVES FOR ALP ACTIVITY 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. The calibration curve for ALP activity, prepared by using p-nitrophenol 

at different concentrations. The graph obtained from the studies carried out in a) 

MGH and Tufts Univ. (Boston, USA) and b) at METU. 
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APPENDIX C 
 

 

CALIBRATION CURVES FOR CELL NUMBER 

DETERMINATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1. The calibration curve obtained by MTS assay using WJ MSCs cultured 

in medium #2. 
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Figure C.2. The calibration curve obtained by MTS assay using WJ MSCs cultured 

in medium #4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.3. The calibration curve obtained by MTS assay using mouse NSCs. 
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