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ABSTRACT

A BIO AND SYNTHETIC POLYMER BASED NERVE GUIDE TESTED
UNDER IN VITRO AND IN VIVO CONDITIONS

Dursun Usal, Tugba
Doctor of Philosophy, Biotechnology
Supervisor: Prof. Dr. Vasif Hasirci
Co-Supervisor: Assist. Prof. Dr. Deniz Yiicel

September 2019, 143 pages

Damages to the peripheral nervous system due to age, diseases or trauma may lead to
gap formation in nervous tissue and inhibit signal transfer. Nerve guides are used to
bridge the neural gaps created as a result of these events. This study describes the
design, construction, and testing of a nerve guide which carries inner guidance
elements to provide an appropriate microenvironment for peripheral nerve
regeneration. A methacrylated gelatin-poly(2-hydroxyethyl methacrylate) (GelMA-
pHEMA) hydrogel and 3D printed polycaprolactone (PCL) tube were produced as the
exterior part of the nerve guide. Inner guidance elements, gelatin-poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) aligned fibers, were produced to
provide PC12 cell alignment. Both GeIMA-pHEMA hydrogels and PCL tube were
suitable for Schwann cell (SC) attachment and proliferation. PC12 cells, seeded on
gelatin-PHBYV aligned fibrous mats, were aligned along the fiber axis and showed
neurite outgrowth. Gelatin-PHBYV fibrous mats were rolled and implanted into the 3D
printed PCL tube to obtain a whole nerve guide structure. Over three weeks, cell
number increased significantly. SCs were attached to the PCL tube, connected to each
other and showed myelination. PC12 cells were also attached, proliferated and

migrated from proximal to distal part on the gelatin-PHBYV aligned mats. The increase



in expression of neuronal markers such as beta-III tubulin and NeuN indicated the
differentiation of PCI12 cells into neurons. This composite nerve guide was tested
under in vivo conditions. 10 mm sciatic nerve defect was created in rats and different
types of nerve guides were implanted at the injury site. Both walking track analysis
and electrophysiology studies showed that there is a functional recovery in the groups
having PCL tube and PCL tube with gelatin-PHBV mat and SCs. These results show
the potential of the developed nerve guide for the peripheral nerve regeneration under

in vitro and in vivo conditions.

Keywords: Nerve Tissue Engineering, Nerve Guide, Peripheral Nerve Injury, 3D

Printing, Electrospinning
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BIiYOLOJIK VE SENTETIK POLIMER TEMELLI BiR SiNiR TUPUNUN
IN VITRO VE IN VIVO KOSULLARDA SINANMASI

Dursun Usal, Tugba
Doktora, Biyoteknoloji
Tez Danigsmani: Prof. Dr. Vasif Hasirci
Ortak Tez Danismani: Dr. Ogr. Uyesi Deniz Yiicel

Eyliil 2019, 143 sayfa

Yas, hastalik ya da travma gibi nedenlerle periferal sinir sistemine verilen hasarlar
sinir dokusunda bosluk olusumuna neden olabilir ve sinyal iletimini engelleyebilir.
Sinir tiipleri bu olaylar sonucunda olusan sinir kopukluklarini birlestirmekte
kullanilmaktadir. Bu ¢alisma, periferik sinir yenilenmesi i¢in uygun bir mikroortam
saglamak amaciyla i¢ kilavuz elemanlar1 tastyan bir sinir tlipiiniin tasarimini, iiretimini
ve test edilmesini agiklamaktadir. Sinir tiipiiniin dis kismi1 olarak bir metakrilat jelatin-
poli (2-hidroksietil metakrilat) (GelMA-pHEMA) hidrojel ve 3 boyutlu yazici teknigi
ile polikaprolakton (PCL) tiip iiretilmistir. i¢ kilavuz elemanlar1, jelatin-poli (3-
hidroksibutirat-ko-3-hidroksivalerat) (PHBV) yonlii lifler, PC12 hiicre yonlenmesini
saglamak i¢in tretilmistir. Hem GelMA-pHEMA hidrojellerin hem de PCL tiipiin
Schwann hiicresi (SC) yapismasi ve ¢ogalmasi i¢in uygun oldugu gorilmiistiir.
Jelatin-PHBV yonlii fiberler iizerine ekilmis PC12 hiicreleri, fiberler boyunca
yonlenmis ve sinir hiicresi uzantilar1 gostermistir. Jelatin-PHBYV fiberler biitiin bir
sinir kilavuzu yapisi elde etmek i¢in rulo haline getirilip ve 3 boyutlu yazici teknigi
ile iiretilen PCL tiipiin i¢ine yerlestirilmistir. Hiicre sayisinin ii¢ hafta boyunca énemli
Olciide arttig1 gozlenmistir. Schwann hiicreleri, PCL tiipe yapismis, birbirlerine

baglanmis ve miyelinlesme gostermistir. PC12 hiicreleri de jelatin-PHBV yonli
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fiberler iizerine yapismis, cogaltilmis ve proksimal ugtan distal uca dogru goc
etmiglerdir. Beta-III tubulin ve NeuN gibi ndronal markerlarin ekspresyonunun
artmasi PC12 hiicrelerinin norona farklilasmasini géstermistir. Bu kompozit sinir tiipii
in vivo kosullarda test edilmistir. Siganlarda 10 mm siyatik sinir hasar1 olusturulmus
ve yaralanma bolgesine farkli tipte sinir tiipleri yerlestirilmistir. Hem yiiriiyiis yolu
analizi hem de elektrofizyoloji ¢caligsmalar1, PCL tiipii ve PCL tiipti, jelatin-PHBV mat
ve Schwann hiicrelerinin bulundugu gruplarda fonksiyonel bir iyilesme oldugunu
gostermistir. Bu sonuglar, in vitro ve in vivo kosullar altinda periferik sinir

yenilenmesi i¢in gelistirilen sinir tiipiiniin potansiyelini gostermektedir.

Anahtar Kelimeler: Sinir Doku Miihendisligi, Sinir Tiipii, Periferal Sinir Yaralanmasi,

3 Boyutlu Basim, Elektroegirme
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CHAPTER 1

INTRODUCTION

1.1. Nervous System

The nervous system is divided into central nervous system (CNS) and peripheral
nervous system (PNS) (Figure 1.1). The CNS consists of the brain and the spinal cord.
The PNS consists of cranial nerves, sensory nerve bundles which arise from the brain,
the spinal nerves originate from the spinal cord and ganglions. The PNS delivers
sensory information to the CNS and carries motor commands from the CNS to

peripheral tissues and systems (Hasirci and Hasirci, 2018).
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Figure 1.1. Classification of the nervous system (Myers and DeWall, 2017).



1.1.1. The Peripheral Nervous System

The peripheral nervous system (PNS) consists of two parts; somatic and autonomic.
Somatic nervous system monitors sensory input and triggers motor output, controlling
the skeletal muscles. Autonomic nervous system controls the glands and the muscles
of the internal organs, including heart and digestive system. Autonomic nervous
system is also divided into two parts named as sympathetic and parasympathetic
nervous system. The dual functions of the autonomic nervous system are presented in
Figure 1.2. The autonomic nervous system controls the more autonomous internal
functions. Its sympathetic division arouses and expends energy. Its parasympathetic
division calms and conserves energy, allowing routine maintenance activity. The
sympathetic and parasympathetic divisions work together to steady the internal state

of the body (Myers and DeWall, 2017).
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Figure 1.2. The dual functions of the autonomic nervous system (Myers and DeWall, 2017).



1.1.2. The Central Nervous System

The central nervous system (CNS) consists of the brain and the spinal cord. It has three
layers of protective coverings called meninges which is derived from the Greek and
means membranes (Molnar and Gair, 2015). Dura mater is the outermost layer and
carries blood from the brain toward the heart. Arachnoid mater which has a web-like
structure is the middle layer. Pia mater which directly contacts and covers the brain
and spinal cord is the inner layer. The space between the arachnoid and pia maters is
filled with cerebrospinal fluid (CSF). The brain floats in CSF, which acts as a cushion
and shock absorber (Figure 1.3).

Dura mater
Arachnoid mater

Pia mater

Cerebral
cortex

Figure 1.3. The cerebral cortex is covered by three layers of meninges: the dura, arachnoid, and pia
maters (credit: modification of work by Gray’s Anatomy) (Molnar and Gair, 2015).

1.1.3. Neurons and Glial Cells

Neurons and glial cells are the two main classes of cells of the nervous system.

Neurons generate signals and transfer these signals between nerve cells. Glial cells



cover the axons and produce the growth factors such as nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF) and the neurotransmitters such as
acetylcholine, gamma-aminobutyric acid (GABA), and dopamine (Caon, 2018).
Different types of neuroglia in the central and the peripheral nervous system are shown
in Figure 1.4. Certain types of neuroglia called astrocytes signal neurons to form and

maintain synapses.

Types of Neuroglia

Peripheral

Central Nervous System
Nervous System

Ependymal cells Oligodendrocytes 7 . Satellite cells

Schwann cells

Figure 1.4. Major types of glial cells in the nervous system. Blausen.com staff (2014), CC by 3.0 via
Commons.

Nerve cells are the main signaling units of the nervous system. A typical neuron has
four morphologically defined regions: the cell body, dendrites, the axon, and

presynaptic terminals (Figure 1.5A). The cell body, or soma, contains a large, round



nucleus. Dendrites, which extend from the cell body, are highly branched, and each
has dendritic spines. An axon is a long cytoplasmic process capable of propagating an
electrical impulse known as the action potential (Martini et al., 2018). All the
behavioral functions of the brain are carried out by specific sets of interconnected

neurons.

The junction between two cells is called a synapse. The gap between these two cells
at a synapse is called a synaptic cleft. The impulse in the presynaptic neuron signals
the postsynaptic cell during the synaptic transmission process (Guyton and Hall,
2006). Initially, a nerve impulse travels along the axon to a synapse. Then,
neurotransmitters are secreted from axons into synaptic knobs at their distal ends. The
neurotransmitter which diffuses across the synaptic cleft is released when a nerve
impulse reaches the end of an axon (Figure 1.5B). Finally, the signal may be excitatory
or inhibitory depending on the neurotransmitter reaching a postsynaptic neuron or

another cell.
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Figure 1.5. Structure of a nerve. (A) A myelinated neuron is associated with oligodendrocytes.
Oligodendrocytes are a type of glial cell that forms the myelin sheath in the CNS that insulates the
axon so that electrochemical nerve impulses are transferred more efficiently. (B) A synapse consists
of the axonal end of the presynaptic neuron (top) that releases neurotransmitters that cross the
synaptic space (or cleft) and bind to receptors on dendrites of the postsynaptic neuron (bottom).
(https://courses.lumenlearning.com/microbiology/chapter/anatomy-of-the-nervous-system/)




1.1.4. Structure of a Peripheral Nerve Trunk

Peripheral nerves are composed of bundles of nerve fibers (Figure 1.6). A peripheral
nerve trunk has three main parts (Arslantunali et al., 2014a). Endoneurium is the inner
layer and composed of loose connective tissue. It surrounds each nerve fiber and the
supporting Schwann cells. Perineurium is the middle layer and made of dense
connective tissue. A bundle of nerve fibers is held together by collagen fibrils in the
connective tissue and form fascicles surrounded by the perineurium. Epineurium is
the outermost layer of connective tissue sheath. It covers entire nerve fascicles within
a nerve trunk in a dense and irregular connective tissue. The thicknesses of nerve

fascicle range from 1.3 to 100 um (Kijenska et al., 2014).
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Figure 1.6. Structure of the peripheral nerve trunk. (Arslantunali et al., 2014a)

1.2. Peripheral Nerve Injury

The nervous system can be damaged by mechanical, thermal, chemical, or ischemic
factors. This damage results in the interruption of communication between neurons
and their targets. Therefore, various nervous system functions such as memory,
cognition, language, and voluntary movement are impaired. The degree of the injury
affects the functional outcome (Arslantunali et al., 2014a). Seddon’s and Sunderland's

classifications are used to assess the level of peripheral nerve injury (Seddon, 1943;



Sunderland, 1951). Seddon classified the peripheral nerve injuries as neurapraxia,
axonotmesis, and neurotmesis. In neurapraxia, axons are not disrupted, however, there
is a partial demyelination and impulses cannot be transmitted. These injuries recover
with treatment within a few months. In axonotmesis, the endoneurium, the
perineurium, the epineurium, and Schwann cells are intact but axon loss is observed.
These injuries are regenerated slowly by the help of intact endoneurium (2-3 cm per
month). In neurotmesis, the nerve trunk is transected completely and there is a scar
formation. Therefore, neuroma and Wallerian degeneration are formed at the proximal
and distal ends, respectively. In such severe injuries, surgical repair is required to
connect the proximal and the distal ends of a nerve. Sunderland categorized the
peripheral nerve injury as 1-5 degree injuries. Sunderland’s first and second degree
injury corresponds to neurapraxia and axonotmesis respectively in the Seddon
classification. In the third degree injury, the perineurium and the epineurium are intact,
but the endoneurium is disrupted. Recovery of motor and sensory function can be
significantly delayed, and surgery is needed only if no recovery occurs in 2-3 months.
In fourth degree injury, axons, endoneurium, and perineurium are disrupted, but the
epineurium is intact. Removal of scar tissue and surgical repair of the nerve is needed
in order to achieve regeneration because there is a higher degree of degeneration when
compared with lower degree injuries. Sunderland’s fifth degree injuries corresponds

to neurotmesis. Classification of peripheral nerve injury is summarized in Figure 1.7.
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Figure 1.7. Seddon and Sunderland classification of nerve injuries. (Nadi and Midha, 2018)
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When the peripheral nerve injury occurs, the proximal end, the portion still connected
to the cell body, may survive, but the distal end, the portion of the axon disconnected
from the cell body, does not. The distal end is disconnected from the neural body
undergoes Wallerian (anterograde) degeneration (Carroll and Worley, 2017). The
ideal rate of axonal regrowth from the proximal end is 1 mm/day (Arslantunali et al.,
2014a). However, if these axonal sprouts fail to cross the injury site, this leads to the
formation of a neuroma and the denervated muscle fiber becomes atrophic. Cellular

response to a peripheral nerve injury is shown in Figure 1.8.
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1.2.1. Treatment Strategies for Peripheral Nerve Injuries

Peripheral nerve injuries cause the motor and/or sensory loss which can affect the life
of the patient (Bassilios Habre et al., 2018). The gold standard for the treatment of
nerve section is end-to-end suturing of severed nerves (neurorrhaphy). However, in
some cases, there is a segmental loss of the nerve trunk. End-to-end neurorrhaphy can
be used if the gap is less than 1 cm. Autologous nerve grafting is the gold standard
when the nerve gap exceeds 1 cm. Vascularized nerve grafts, cellular and acellular
allografts, nerve conduits, and end-to-side neurorrhaphy are used as alternative

treatments to overcome the limited availability and the donor site morbidity.

Poor nerve regeneration and incomplete functional recovery may occur after a
peripheral nerve injury (Li et al., 2014). Spontaneous nerve regeneration may not be
satisfactory to achieve proper functional recovery, especially in severe injuries. There
are some current clinical approaches for the treatment of peripheral nerve injury;

different treatment strategies are summarized in Figure 1.9.
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Figure 1.9. Main methods for the clinical treatment of different peripheral nerve injuries. Nerve
implantation (the red color) indicates that it can be used whether the nerve defect is <3 cm or >3 cm.
(Han et al., 2019).
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1.2.1.1. Peripheral Nerve Grafts
1.2.1.1.1. Autografts

Autografts are the most widely used nerve repair materials and are considered as the
gold standards in bridging nerve gaps. They provide structural connection for axonal
progression from the proximal to the distal site. An autograft is commonly obtained
from the sural nerve, medial antebrachial cutaneous nerve, or superficial radial
nerve since these small-caliber grafts achieve better results (faster revascularization)
than larger-caliber grafts (Nadi and Midha, 2018). However, there are significant
limitations in the use of nerve autografts, such as the need for a second surgery site to
harvest graft tissue from the donor site, which is associated with donor site morbidity
and resultant loss of function. Autografts can be used for nerve gaps of up to 3-5 cm

(Das and Srivastava, 2019).
1.2.1.1.2. Allografts

Nerve allograft is a technique used to bridge a peripheral nerve lesion with tissues
derived from a different individual of the same species. However, the use of allografts
has limitations such as immune rejection, secondary infection, risk of cross-

contamination, and limited supply.

Cadaveric donor nerve grafts are used as allografts in the treatment of peripheral nerve
injuries (Ramachandran and Midha, 2019). These grafts can supply viable Schwann
cells for regenerating axons. Although nerve allografts are not as immunogenic as skin

or muscle, the use of them almost always requires immunosuppressive therapies.

Acellular nerve allografts (ANAs) obtained from animals have been established as
promising alternatives to autologous nerve grafts (Boriani et al., 2019). Noncellular-
based stimulation of ANAs showed positive effects on nerve function recovery.
However, neuroregenerative effect of autografts still appeared superior to acellular

nerve allografts, even with noncellular enrichment of ANAs. On the other hand,
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modified ANAs closely approached or even outperformed autografts in a few studies

(Wang et al., 2017).
1.2.1.1.3. Xenografts

Xenografts are the graft materials taken from donors from another species than
humans. Clinical surgery research has turned to nerve xenotransplantation, which
offers a potentially unlimited source of donor nerves compared autografts and

allografts (Deleyto and Lasso, 2017).

Acellular xenografts are obtained by chemically eliminating the cellular constituents
which might cause immunogenic reactions. During this process, the native
extracellular matrix that retains sufficient bioactivity to promote axonal regeneration
should be preserved (Hudson et al., 2004). Acellular nerve xenografts, similarly to
acellular nerve allografts, are found to be immunocompatible (Zhang et al., 2010). In
this study, it was proposed that short defects can regenerate along acellular scaffolds
but longer defects might require certain cellular stimuli which should be provided by
added autologous stem cells. Functional rehabilitation efficacy of these acellular

xenografts was proven comparable to autografting (Jia et al., 2012).
1.2.1.2. Nerve Conduits

Nerve conduits or nerve guides are artificial devices which bridge the proximal and
the distal nerve ends in order to achieve nerve regeneration. Physical (internal
guidance channels) and biochemical elements (growth factor release) can be
incorporated into the nerve guide structure to improve its properties. Support cells,
such as Schwann cells (SCs), can also be integrated into the nerve conduit to enhance

the healing of the damaged tissue (Figure 1.10).
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Figure 1.10. Examples for nerve conduit designs. (Arslantunali et al., 2014a)

An ideal scaffold requires should have a combination of optimal material, size,
architecture, and surface properties to support peripheral nerve regeneration (Du et al.,
2018). With the help of these features, a new extracellular matrix consisting of blood
vessels, fibroblasts, and Schwann cells can be formed, creating a supportive
environment for nerve regeneration. Various nerve conduits have been approved for

clinical use are summarized in Table 1.1.
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Table 1.1. Commercially available FDA-approved nerve conduits. (Arslantunali et al., 2014a)

Product Name Material Structure Company

NeuraGen® Collagen Type I | Semipermeable, Integra LifeSciences
fibrillar structure of | Co, Plainsboro, NJ,
the collagen USA

NeuroFlex™ Collagen Type I Flex.ible, o Collagen Matrix, Inc.,
fggllll 1121 czrmea cf)llagen Franklin Lakes, NJ,

. USA

matrix

NeuroMatrix™ Collagen Type I | Semipermeable Collagen Matrix, Inc.
tubular collagen
matrix

NeuraWrap™ Collagen Type I | Longitudinal slit in | Integra LifeSciences
the tubular wall | Co
structure

NeuroMend™ Collagen Type I | Semipermeable Collagen Matrix, Inc.
collagen wrap
designed to unroll
and self-curl

Neurotube® Polyglycolic acid | Absorbable woven | Synovis Micro
PGA Mesh Tube Companies Alliance,

Birmingham, USA
Neurolac™ Poly(D,L- Synthetic and | Polyganics BV,
lactide-co-¢- transparent ~ PLCL | Groningen,
caprolactone) tubular structure Netherlands

Salutunne|™ Polyvinyl alcohol | Non-biodegradable Salumedica LCC,
PVA tubular | Atlanta, GA, USA
structure

1.2.1.2.1. Biological Nerve Conduits

Biopolymers as well as synthetic polymers are used for the fabrication of the nerve

conduits. Bioactive properties of the bipolymers allow better interactions between the

cells and the guides and enhance proliferation of the cells and regeneration of tissues

(Arslantunali et al., 2014a). Even though biopolymers have high degrees of

biocompatibility, they still show batch-to-batch variation (Schmidt and Leach, 2003).

Bacterial polyesters (poly(3-hydroxybutyrate) (P3HB) and poly(3-hydroxybutyric

acid-co-3-hydroxyvaleric acid) (PHBV), proteins (silk, collagen, gelatin, fibrinogen,

elastin, keratin), and polysaccharides (hyaluronic acid, chitin, and alginate) are

commonly used in the production of the biological nerve conduits.
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1.2.1.2.2. Synthetic Nerve Conduits

Synthetic polymers are alternatives to the biopolymers and have some advantages over
the biopolymers such as controllable mechanical properties and degradation rates, and
functionalization with various groups that enhance tissue regeneration (Tian et al.,
2012). In the recent years, the material preference has shifted towards synthetic
polymers (Arslantunali et al., 2014a). Biodegradable polyesters, such as poly(lactic
acid) (PLA), poly(glycolic acid) (PGA), poly(lactic acid-co-glycolic acid) (PLGA),
poly(e-caprolactone) (PCL), polyurethanes (PUs), trimethylene carbonate-co-e-
caprolactone, and poly(D,L-lactide-co-g-caprolactone) are frequently used.
Nonbiodegradable polymers such as methacrylate-based hydrogels, polystyrene,

silicone, and poly(tetrafluoroethylene) are also used in nerve regeneration studies.
1.2.1.2.3. Hybrid Nerve Conduits

Both bio and synthetic polymers have their own advantages and disadvantages. Hybrid
nerve conduits are produced to obtain superior properties. For example, most of the
synthetic materials are hydrophobic and not suitable for cell adhesion and researchers
started to treat the surfaces of the nerve conduits with ECM proteins or design hybrid
nerve conduits with different compositions to overcome this problem (Lee et al.,
2012). For example, polyesters (Yucel et al., 2010; Prabhakaran et al., 2013),
polysaccharides (Entekhabi et al., 2016; Singh et al., 2019), and proteins (Dursun Usal
et al., 2018; Yen et al., 2019) are combined with synthetic biomaterials for the

fabrication of the hybrid nerve conduits.
1.3. Peripheral Nerve Tissue Engineering

Different types of strategies have been developed to produce an advanced peripheral
nerve tissue engineering products. For example, cells are incorporated into the
scaffolds to enhance axonal regeneration with neuroprotective therapies (Faroni et al.,
2015). Advanced biomaterials such as collagen, laminin and fibrin hydrogels
containing ECM proteins, are reported to be used in peripheral nerve repair due to

their ability to support axonal outgrowth (Mobini et al., 2017). Different types of
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scaffold production methods including electrospinning and 3D printing are used to
fabricate highly aligned structures (Entekhabi and Nazarpak, 2018; Dursun Usal et al.,
2019). Growth factors such as NGF and BDNF are also known to be incorporated in

the nerve guide structure.
1.3.1. Cell Sources in Peripheral Nerve Tissue Engineering

Cells are the most essential part of a tissue engineering product. Schwann cells, neural
stem cells, embryonic stem cells, and marrow stromal cells have been reported as the

most studied support cells in the peripheral tissue engineering (Gu et al., 2011).

1.3.1.1. Stem Cells

Different types of stem cells; nerve, embryonic, adult, adipose-derived and bone
marrow stem cells, are used in peripheral tissue engineering (Jiang et al., 2017).

Different stem cell sources are presented in Figure 1.11.
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Figure 1.11. Different stem cell sources. (Fairbairn et al., 2015).
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1.3.1.1.1. Nerve Stem Cells (NSCs)

Nerve stem cells (NSCs) can be derived from three different sources: 1) direct
extraction from primary tissues, 2) differentiation from pluripotent stem cells and 3)
transdifferentiation from somatic cells (Tang et al., 2017). NSCs can differentiate into
neurons and glial cells (Fairbairn et al., 2015). Therefore, they have a unique role in
neural regeneration. Nerve stem cell transplantation is very efficient for the treatment
of nervous system diseases. Many studies reported positive effects of NSC
implantation into peripheral nerve injury (Zhang et al., 2008; Guo and Dong, 2009;
Fuetal., 2011; Liard et al., 2012; Lee et al., 2014). However, their use is limited due

to the difficulties associated with the cell harvest.
1.3.1.1.2. Embryonic Stem Cells (ESCs)

Embryonic stem cells (ESCs) can be viewed as an immortal extension of short-lived
pluripotent cells which exist in a preimplantation embryo (Klimanskaya, 2019). These
pluripotent cells form all of the tissues of the body during embryo development.
Embryonic stem cells are homogenous, are not susceptible to the detrimental impact
of age and disease unlike adult stem cells (Rando, 2006). ESCs have been used in
different studies for the peripheral nerve regeneration (Cui et al., 2008; Xie et al.,
2009; Jones et al., 2018). However, differentiation into specialized neural cell lines is
challenging and established protocols only exist for a limited number of lines (Zhang
et al., 2008). Immunogenicity, tumorigenicity and potential ethical controversy are the

common disadvantages associated with the usage of ESCs (Fairbairn et al., 2015).

1.3.1.1.3. Bone Marrow Mesenchymal Stem Cells (BMSCs)

Bone marrow mesenchymal stem cells or bone marrow stromal cells (BMSCs) are one
of the most important stem cells in the field of neural tissue engineering. They localize
in the stromal compartment of the bone marrow, support hematopoiesis, and
differentiate into mesenchymal lineages (Klimczak and Kozlowska, 2016). BMSCs

are used in various applications such as neural injury and disorders due to their easy
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isolation through the aspiration of the bone marrow and expansion in a large scale
by in vitro culture (Sun et al., 2015; Shirian et al., 2016; Chijimatsu et al., 2017; Jia et
al., 2019). BMSCs have become an alternative to Schwann cells for use as support
cells because autologous Schwann cells are difficult to obtain in large number, and

allogeneic Schwann cells are involved in immunological rejections (Gu et al., 2014).
1.3.1.1.4. Adipose-Derived Stem Cells (ADSCs)

Adipose-derived stem cells (ADSCs) can be derived from adipose tissue obtained by
liposuction (Jiang et al., 2017). When compared with BMSCs, ADSCs show higher
proportion and superior proliferation and differentiation potential (Strem et al., 2005).
ADSCs can be differentiated into a Schwann cell-like phenotype which shares
morphological and functional properties with Schwann cells, thus representing a valid
SC alternative (Kingham et al., 2007). Multiple in vitro studies have shown the
differentiation of ADSCs into tissues similar to neural tissue under a range of stimuli
(Zack-Williams et al., 2015). Therefore, some studies utilized nerve conduits
combined with ADSCs to bridge the gap in the damaged peripheral nerves (Scholz et
al.,, 2011; Kingham et al., 2014), while others used ADSC therapy with nerve
allografts (Zhang et al., 2010; Marconi et al., 2012; Tajiri et al., 2014).

1.3.1.1.5. Other Stem Cells

Many types of other stem cells such as induced pluripotential stem cells (iPSCs)
(Uemura et al., 2015; Srinivasan and Toh, 2019), skin-derived precursor stem cells
(SKP-SCs) (Grimoldi et al., 2015; Zhu et al., 2018), hair follicle stem cells (HFSCs)
(Amoh et al., 2012; Yamazaki et al., 2017), dental pulp stem cells (DPSCs)
(Yamamoto et al., 2016; Carnevale et al., 2018), muscle-derived stem/progenitor cells
(MDSPCs) (Guy et al., 2019; Lavasani et al., 2014; Vojnits et al., 2017), and fetal-
derived stem cells including amniotic tissue-derived stem cells (ATDSCs) (Li et al.,
2014; Su et al., 2018), umbilical cord-derived MSCs (UC-MSCs) (Zarbakhsh et al.,
2016; Ma et al., 2019), Wharton’s jelly MSCs (WJMSCs) (Peng et al., 2011; Millan-

Rivero et al., 2018) are used for the peripheral nerve regeneration.
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1.3.1.2. Schwann Cells (SCs)

Schwann cells (SCs) undergo a radical change and provide powerful support for
regeneration after a peripheral nerve injury (Jessen and Mirsky, 2016). Schwann cell
injury response to nerve injury is shown in Figure 1.12. The Schwann cell injury
response has two components (Jessen and Arthur-Farraj, 2019). One is the reversal of

myelin differentiation, and the other is the sequential activation of diverse features
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Figure 1.12. Major cell components of regenerating nerves. The diagram shows the proximal and
distal ends and the guide that connects them. (a) Regeneration unit, (b) blood vessel, (¢) Schwann
cells migrating from the distal end, (d) macrophages and fibroblasts and (¢) Bungner bands (Jessen
and Arthur-Farraj, 2019) Copyright 2019 Wiley Periodicals, Inc.

Schwann cell transplantation has shown promise for peripheral nerve regeneration
(Han et al., 2019). Schwann cells cultured in vitro formed normal myelin around the
axons when implanted into rat sciatic nerve. Schwann cells are also used as the support
cells in the nerve guide structure to provide enhanced peripheral nerve regeneration
(Cattin et al., 2015; England et al., 2017; Gonzalez-Perez et al., 2018; Resch et al.,
2018; Dursun Usal et al., 2019).
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1.3.1.3. Olfactory Ensheathing Cells (OECs)

Olfactory ensheathing cells (OECs) are a type of macroglia found in the nervous
system. Several studies revealed that transplantation of OECs enhances axonal
regeneration and functional recovery following damage to the nervous system (Yang
et al., 2015). Although they are usually used for the treatment of spinal cord injury,
some of the studies have reported the positive effect of OECs for peripheral nerve
regeneration (Kabiri et al., 2015; Goulart et al., 2016; Li et al., 2018; Zhang et al.,
2019; Gu et al., 2019).

1.3.1.4. Neuronal Cell Lines

Neuronal cell lines are commonly used for in vitro neurobiology studies. They can be
induced to differentiate into neuron-like cells which express neuronal markers and
elaborate processes like axons and dendrites. The major advantages of cell lines are
their indefinite growth, degree of reproducibility and simplicity (Barnes et al., 2001).
The main disadvantage of these cell lines is their physiological differences from which
they were derived. These cell lines are often induced to display a more neuronal
phenotype by manipulations of the culture conditions such as the addition of specific
growth factors (Gordon et al., 2013). SH-SYSY (Arslantunali et al., 2014b; Yang et
al., 2016; Qing et al., 2018; Nune et al., 2019), PC12 (Song et al., 2016; Oh et al.,
2018; Wang et al., 2019), NT2 (Tegenge et al., 2011; Roloff et al., 2015), MN9D (Hei
et al., 2016; Wei et al., 2019), and Cath.a (Haney et al., 2013; Wang et al., 2018) are

the cell lines which are used in the peripheral nerve regeneration studies.

1.3.2. Scaffold Production Methods in Peripheral Nerve Tissue Engineering

Neural scaffolds can be fabricated by many different techniques, such as immersion
precipitation particulate leaching, extrusion, injection molding, non-woven or woven
mesh rolling, centrifugal casting, spinning mandrel technology, film casting plus
rolling, and molding plus freeze-drying (Gu et al., 2014). Some advanced fabrication

techniques have been used to manufacture more complex scaffolds, such as a
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multichannel nerve guidance conduit (NGC), or a NGC containing longitudinally
aligned fibers, microgrooves or hydrogels within their lumens. Different
manufacturing methods, such as electrospinning, phase separation, self-assembly, and
computer-aided design-based fabrication techniques, have been utilized for producing

nanostructured scaffolds to enhance axonal regrowth.

1.3.2.1. Conventional Nerve Guide Fabrication Techniques

Conventional fabrication techniques include electrospinning, freeze drying, solvent

casting and particle leaching, gas foaming, phase separation, and self-assembly.
1.3.2.1.1. Electrospinning

Electrospinning is an electrohydrodynamic process, during which a liquid droplet is
electrified to form a jet, followed by stretching and elongation to generate fibers (Xue
et al., 2019). A high-voltage power supply, a syringe pump, a spinneret, and a
conductive collector are the main components of an electrospinning setup. The liquid
is extruded from the spinneret to produce a droplet due to the surface tension. When
an electrical field is applied, the electrostatic repulsion among the surface charges
deforms the droplet into a Taylor cone, from which a charged jet is ejected. As the jet
is stretched into finer diameters, it solidifies and leads to the deposition of solid fibers
on the collector. All tissues and organs such as skin, collagen, dentin, cartilage, nerve,
and bone have some resemblance to highly organized, hierarchical, nanosize fibrous
structures (Haider et al., 2018). Therefore, electrospinning has been used in many
studies to produce an aligned structure to provide cell elongation inside of the nerve

guide (Yucel et al., 2010; Lee et al., 2017; Frost et al., 2018; Quan et al., 2019).

1.3.2.1.2. Freeze Drying

Freeze drying is a drying process for converting solutions into solids for distribution
and storage for food science, pharmaceuticals, and enzyme stabilization applications
(Lu et al., 2013). It has three major steps: 1) freezing of the solution at a low

temperature (-80 °C); 2) putting of the the frozen sample in a chamber in which the
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pressure is lowered through a partial vacuum, known as the primary drying process,
in which the ice in the material is removed by direct sublimation; 3) removal of the
unfrozen water in the material by desorption in a secondary drying process. Freeze
drying method has been widely used for the fabrication of 3D porous scaffolds for

nerve tissue engineering (Salvatore et al., 2014; Lin et al., 2017; Carvalho et al., 2018).
1.3.2.1.3. Solvent Casting and Particulate Leaching

Mineral and organic particles are dispersed in polymer solution in solvent casting and
particulate leaching (Yadegari et al.,, 2017). Then, the solvent is evaporated by
applying solvent casting techniques. Lastly, solid particles are leached out by selective
dissolution to produce the polymeric matrix. Highly porous structures (more than
93%) and facile tailoring the crystallinity of matrix are the main advantages. This
method is feasible to any polymer which is soluble in organic solvents. However, the
removal of dissolved particles in polymer matrix restricts this technique only for
producing thin membranes. This method have been utilized for the production of the

nerve guides (Chung et al., 2011; Ho et al., 2019).
1.3.2.1.4. Gas Foaming

Gas foaming provides solvent-free formation of porous materials by the application
of gas bubbles within a polymer (Hutmacher et al., 2014). Molded polymers can be
pressurized with a gas, typically CO», until the polymer is saturated. The release of
pressure results in nucleation and growth of the air bubbles up to 100 pm. The main
disadvantage of this method is the limited interconnectivity, thus it is combined with
particulate leaching. In some studies, gas foaming has been used to produce tissue
engineering scaffolds (Kuang et al., 2017; Manavitehrani et al., 2019) and enhance

peripheral nerve regeneration (Rao et al., 2019).
1.3.2.1.5. Phase Separation

A single-phase homogenous solution is critically quenched, causing separation into

two phases; polymer-rich region and a solvent-rich region in the phase separation
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process (Baghaban-Eslaminejad et al., 2017). It is a useful technique to fabricate
nanofibrous scaffolds, which have interconnected porous structure for the biological
applications. Porogens, such as sugar, salt, or paraffin are often added within a bulk
material and then leached out following phase separation, leaving open pores, as well
as nanofibers. This method has been used in different studies for the fabrication of the

nerve guides (Kuo and Yeh, 2011; Zhang et al., 2013; Abzan et al., 2018).
1.3.2.1.6. Self-Assembly

The self-assembly process is an autonomous organization of components into patterns
or structures without human intervention (Zhang et al., 2005). Self-assembly of
biological molecules can be induced by noncovalent bonds or weak covalent
interactions. Phospholipids are the typical example of molecular self-assembling into
an ordered structure (Ma, 2008). Moreover, various nanoscale filaments of peptides
can be assembled into nanofibers, which can mimic the physical microenvironment of
cells in vivo. These nanofibers could wrap around cells covering long distances over
their surfaces and act as cables that connect neighbor cells and mechanically support
them by creating 3D networks in the body. Therefore, self-assembly has been used in
peripheral nerve tissue engineering applications (Nune et al., 2016; Wu et al., 2017,

Zhu et al., 2017; Luetal., 2018; Lietal., 2019).
1.3.2.2. Rapid Prototyping (RP)

Rapid prototyping includes a group of techniques to fabricate highly precise scaffold
structures directly from computer-aided design (CAD) data (Nguyen et al., 2015). RP
is considered as a bottom-up approach because the resulting scaffold is constructed in
a layer-by-layer manner. RP uses additive processes; its components are built up

gradually in layers until the final geometry is obtained (Yeong et al., 2004).

Rapid prototyping technique can produce scaffolds for cell seeding and cell
encapsulation and design 3D structures with predetermined micro and inner

architecture (Billiet et al., 2014). An important property of RP is the ability to build
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predefined macrostructures as well as microstructures which are not possible with the
traditional fabrication methods. This property makes RP a potential technique for
fabricating scaffolds with controlled structures and architectures for use in tissue
engineering. Since the macroscopic shapes and form of the scaffolds determine the
final appearance and the structure of tissue engineered product, RP can be used to
reconstruct parts of the body. For example, an ear or a jaw can be constructed from
the contours of the organ of the patient obtained directly from the patient by the
magnetic resonance imaging (MRI), CT scans or other scanning methods (Ozbolat
and Yu, 2013). Fused deposition modeling (FDM), stereolithography (SLA), selective
laser sintering (SLS), solvent-based extrusion freeforming (SEF) and bioprinting are

the different rapid prototyping techniques.

1.3.2.2.1. Fused Deposition Modeling (FDM)

A solid polymer is cast into a hot extrusion nozzle to be melted and extruded on the
surface of a 3D object using a computer controlled extrusion and deposition processes
in fused deposition modeling (Eltom et al., 2019). The scaffold is made layer-by-layer
from adjacent microfilaments. The different components of FDM are shown in Figure
1.13A. Thermoplastic biopolymers such as polycaprolactone (PCL) are used in FDM
technique. Fused deposition modeling has been used for the production of tissue
engineering scaffolds (Hutmacher et al., 2001; Chin Ang et al., 2006; Rimington et
al., 2017; Mohseni et al., 2018) and nerve guides (Hsieh et al., 2015).

1.3.2.2.2. Selective laser sintering (SLS)

Selective laser sintering (SLS) method uses a CO; or Nd:YAG laser beam for scanning
successive layers of powdered materials to create a 3D object (Shirazi et al., 2015).
The scanning patterns of each layer are automatically computed based on the slicing
of the digital design. SLS technique includes two main steps: 1) CAD design of the
structure, and 2) transfer of the CAD data to the SLS machine fabricate 3D structure
with the desired powders (Figure 1.13B). SLS is a fast and economical process

(Mazzoli, 2013). However, SLS feature detail is not as sharp as produced by
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stereolithography (SLA). Although SLS technology has been mainly used for bone
tissue engineering applications (Xia et al., 2013; Mazzoli et al., 2015; Gayer et al.,

2019), there are a few studies for the peripheral nerve regeneration (Mori et al., 2008).
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Figure 1.13. Schemes of A) fused deposition modeling (FDM) and B) selective laser sintering (SLS)
techniques (Tamay et al., 2019).

1.3.2.2.3. Stereolithography (SLA)

In the stereolithography (SLA) method, UV light is irradiated on the photosensitive
liquid resin surface in a precise pattern determined by CAD files (Skoog et al., 2014).
The first layer of photopolymerized polymer adheres to a build platform. The platform
is moved a defined step height for polymerization of the subsequent layer. This
process is repeated until the 3D structure is formed. SLA can produce scaffolds with
well-defined pore sizes, porosities, pore distributions, and pore interconnectivity (Gu
et al., 2016). These scaffolds show similar structural and mechanical properties of the
native tissue and permit cellular ingrowth and vascularization. Therefore, SLA is used
in scaffold production for peripheral nerve tissue regeneration (Lee et al., 2017a; Zhu

etal., 2017; Lee et al., 2018; Heo et al., 2019).
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1.3.2.2.4. Solvent-Based Extrusion Freeforming (SEF)

Solvent-based extrusion freeforming (SEF)is one of the most commonly used
additive manufacturing (AM) technique without material melting (Vaezi et al., 2018).
Phase change is based on solvent evaporation in the SEF process. It has three main
steps; preparation of bioceramic paste, 3D printing of the paste, and drying, debinding,
and sintering of the 3D printed scaffold. Different types of bioceramic scaffolds have
been produced using the SEF method with various compositions (different HA/B-TCP
ratios) and sintered from 1100 to 1300 °C (Yang et al., 2008). Therefore, the SEF
process is mainly used for the fabrication of scaffolds for bone tissue engineering

(Srivas et al., 2017; Thomas et al., 2017).

1.3.2.2.5. Bioprinting

Bioprinting uses a computer controlled 3D printing device to deposit cells accurately
and in precise geometries with the goal being the creation of anatomically correct
structures. Computer design of the target structure is used to guide the placement of
specific types of cells in precise locations that mimic the actual tissue. 3D printing and
bioprinting are promising technologies to fabricate nerve conduits which closely
resembles the features of the native peripheral nerve (Dixon et al., 2018). They offer
the advantage of rapidly producing composite peripheral nerve matrices from micron-
scaled units, using an assortment of synthetic and biological materials. 3D printing
technologies allow researchers to change designs or to produce more complex nerve
guides which mimic the original shape of the nerve to be replaced (Petcu et al., 2018).
Many of the recent studies have focused on the production of a bioprinted nerve guide
with improved properties to enhance peripheral nerve regeneration (Owens et al.,

2013a; Gu et al., 2016; England et al., 2017; Dixon et al., 2018; Naghieh et al., 2019).

1.3.3. Materials in Nerve Guides for Peripheral Nerve Tissue Engineering

Both natural polymers such as gelatin, silk fibroin, chitosan and synthetic polymers
such as poly(L-lactic acid) (PLLA), polycaprolactone (PCL), poly(hydroxybutyric
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acid) (PHB) are used in nerve tissue engineering applications to improve surface
properties, physicochemical characteristics and biological activity of the
corresponding scaffolds (Goonoo et al., 2017). Natural and synthetic polymers used

in the nerve conduit production are shown in Figure 1.14.
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Figure 1.14. Natural and synthetic polymers used in the structure of nerve conduits (Arslantunali et
al., 2014a).

1.3.3.1. Natural Polymers

Natural polymers are biocompatible, nontoxic, biodegradable, non-immunogenic,
hydrophilic and do not provoke inflammatory responses in the host body (Sarker et
al., 2018). The frequently used natural polymers in nerve guide or scaffold design in
neural tissue engineering are collagen, gelatin, chitosan, chitin, elastin, alginate, and

hyaluronic acid (HA).
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1.3.3.1.1. Collagen

Collagen is one of the most studied biomolecules of the extracellular matrix (ECM)
due to its presence in all connective tissue (Parenteau-Bareil et al., 2010). Collagen, a
major constituent of skin and bone, represents approximately 25% of the total dry
weight of mammals. 29 distinct collagen types have been characterized until now and
all display a typical triple helix structure. Collagen types I, II, I1I, V, and XI are known
to form collagen fibers (Dong, 2016). Collagen can be extracted and purified from a
variety of sources such as rat tail and bovine. It has low immunogenicity, a porous
structure, good permeability, biocompatibility, and biodegradability. However, the
poor mechanical property of collagen scaffolds limits their applications. Collagen
scaffolds can be crosslinked by chemical or physical methods or modified with
natural/synthetic polymers or inorganic materials to improve its mechanical
properties. Moreover, biochemical factors can be incorporated into the scaffold to
enhance its biological activity. Collagen-based biomaterials have been extensively
used for the production of nerve guides (Toba et al., 2001; Keilhoff et al., 2003; Alluin
et al., 2009; Kemp et al., 2009; Bozkurt et al., 2016; Saltzman et al., 2018).

1.3.3.1.2. Gelatin

Among the natural polymers, gelatin can be obtained by denaturing collagen. It has
almost identical composition and biological properties as those of the parent collagen
(Meng et al., 2008). Therefore, much attention has been focused on the use of gelatin
as a nerve tissue engineering material due to its low cost (Chen et al., 2005; Chen et
al., 2006; Chang et al., 2007; Liu, 2008; Chang et al., 2009; Yang et al., 2010; Ko et
al., 2017; Liu et al., 2018; Salehi et al., 2019). Gelatin is used for the production of
nanoparticles, microparticles, 3D scaffolds, electrospun nanofibers and in situ gelling

formulations (Echave et al., 2017).
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1.3.3.1.3. Elastin

Elastin is a vital extracellular matrix (ECM) protein which is critical to the elasticity
and resilience of many vertebrate tissues such as large arteries, lung, ligament, tendon,
skin, and elastic cartilage (Mithieux and Weiss, 2005). Persistence and insolubility of
elastin prevent to produce functional biomaterials in the beginning. However, the
adapted use of solubilized elastin, elastin-based peptides and the increasing
availability of recombinant forms of the natural soluble elastin precursor, tropoelastin
make it possible to fabricate elastin-based biomaterials (Almine et al., 2010). Elastin
and tropoelastin have been used as biomaterials in the structure of the nerve guides

(Hsueh et al., 2014; Kakinoki et al., 2014; White et al., 2015).

1.3.3.1.4. Poly(3-hydroxybutyric acid) (P3HB)

Poly(3-hydroxybutyrate) (P3HB) is one of the most studied microbial biopolymers
from the polyhydroxyalkanoates (PHAs) family (Alves et al., 2017). It is
biodegradable and biocompatible. P3HB can be processed as a thermoplastic because
it resists a wide temperature range (from 30 °C to 120 °C). P3HB is nontoxic, and its
degradation product 3-hydroxybutyric acid is a normal constituent of human blood
even at high concentrations, however, it is reported that it binds to HCA» receptors
and might have some effects in addition to decrease in local pH (Asrar and Hill, 2002).
Therefore, it can be used in bone (Coskun et al., 2005; Bakhtiyari et al., 2016; Toloue
etal., 2019), nerve (Hiniiber et al., 2014; Lizarraga-Valderrama et al., 2015; Lizarraga-
Valderrama et al., 2019), and skin (Vigneswari et al., 2016; Volova et al., 2019) tissue

engineering applications.
1.3.3.1.5. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is produced by the insertion
of 3-hydroxyvalerate (HV) units into the PHB biopolymer. PHBV is an aliphatic
polyester, and its chemical structure is shown in Figure 1.14A. It is a microbial

biopolymer with excellent biocompatible and biodegradable properties (Rivera-Briso
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and Serrano-Aroca, 2018). Its absorption capacity, biological origin, low cytotoxicity,
piezoelectricity, and thermoplasticity make it a very promising biomaterial for a
variety of applications. In the tissue engineering field, PHBV is used for the
fabrication of the porous scaffolds which treat bone defects (Alagoz et al., 2018; Kouhi
et al., 2019), and nerve injuries (Prabhakaran et al., 2013; Demirbilek et al., 2015; Hu
et al., 2017; Dursun Usal et al., 2018).

1.3.3.1.6. Chitin and Chitosan

Chitin, a linear polysaccharide composed of (1-4)-linked 2-acetamido-2-deoxy-B-D-
glucopyranose units, is the second prevalent form of polymerized carbon in nature
after starch (Zargar et al., 2015). Chitosan is a natural polymer derived from chitin.
Chitin and chitosan are used in the delivery of therapeutic agents, tissue engineering,
and wound healing due to their biocompatibility and biodegradability (Marpu and
Benton, 2018). Both of these polysaccharides are utilized in the production of nerve
guides to provide peripheral nerve regeneration (Ao et al., 2011; Gu et al., 2012; Ruini

et al., 2016; Jiang et al., 2019).

1.3.3.1.7. Hyaluronic Acid (HA)

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan which is composed of
repeating polymeric disaccharides of D-glucuronic acid and N-acetyl-D-glucosamine
linked via glycoside bond in the arrangement of alternating -(1 — 4) and B-(1 — 3)
bonds (Figure 1.14B) (Bukhari et al., 2018). HA plays important roles in skin
repairment, wound healing, and tissue regeneration. Hyaluronic acid is a naturally
occurring biopolymer and found in most connective tissues (Necas et al., 2008). It is
synthesized by hyaluronan synthases and degraded by hyaluronidases. Hyaluronic
acid based scaffolds have been used for soft tissue regeneration such as nerve (Agenor
etal., 2017; Runxin Li et al., 2018), skin (Monteiro et al., 2015; Eke et al., 2017; Yang
et al., 2019), and cornea (Lai et al., 2015; Fiorica et al., 2017; Xu et al., 2018).
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1.3.3.1.8. Other Natural Polymers

There are also other biopolymers such as silk fibroin (SF), fibronectin, and keratin
used in the fabrication of nervous scaffolds. SF has mechanical stability, slow
degradation rate, biocompatibility (Teuschl et al., 2015). Therefore, silk fibroin is able
to support peripheral nerve regeneration, and used as a biomaterial for the production
of nerve guidance conduits (Dinis et al., 2015; Xu et al., 2016; Farokhi et al., 2017;
Ebrahimi et al., 2018; Afjeh-Dana et al., 2019; Zhang et al., 2019). Another
biopolymer fibronectin has a significant role in modulating Schwann cell migration
and neurite outgrowth (Mukhatyar et al., 2011). Thus, it has been used as the nerve
guide material in some studies (Ahmed et al., 2003; Ding et al., 2011; Mottaghitalab
et al., 2013). Keratin is a fibrous protein which forms protective tissues such as hair,
fur, feathers, nails, and hooves. Keratin extracted from human hair has been prepared

as hydrogels, and used as nerve guide fillers (Lin et al., 2012; Pace et al., 2013).

1.3.3.2. Synthetic Polymers

Some widely used synthetic polymers for the fabrication of nervous scaffolds include
biodegradable polyesters poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
poly(lactic acid-co-glycolic acid) (PLGA), poly(e-caprolactone) (PCL), polyurethanes
(PUs), poly(D,L-lactide-co-ge-caprolactone), and nonbiodegradable polymers such as
polyvinyl alcohol (PVA), methacrylate-based hydrogels, polystyrene, silicone, and
poly(tetrafluoroethylene). Conductive polymers such as polypyrrole (PPy) and
polyaniline (PANI) are also gaining popularity in nerve tissue engineering by their

ability to conduct electrical signals (Sensharma et al., 2017).

1.3.3.2.1. Poly(lactic acid) (PLA)

Poly(lactic acid) (PLA) is a linear aliphatic polyester derived from renewable
resources such as corn, sugar, potato, and other agricultural products (Kuang et al.,
2016). Water and carbon dioxide are the degradation products of PLA and do not cause

any harm to the body. Therefore, PLA is more commonly used in the biomedical field
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among other synthetic polymers due to its biocompatibility, absorbability, and
degradation behavior (Sha et al., 2016). There are three different kinds of PLA,
poly(D-lactic acid) (PDLA), poly(L-lactic acid) (PLLA), and the racemic blend D,L-
PLA (PDLLA), based on their microstructures. PLA based scaffolds are used in nerve
tissue engineering in the form of film (Goulart et al., 2016; Pestana et al., 2018), and
fibers (Zhou et al., 2016; Naseri-Nosar et al., 2017; Martin et al., 2019).

1.3.3.2.2. Poly(glycolic acid) (PGA)

Poly(glycolic acid) (PGA) is produced by the carbonylation of formaldehyde in the
presence of sulfuric acid (Storti and Lattuada, 2017). Its chemical structure is shown
in Figure 1.14C. It is a biodegradable, rigid, thermoplastic, and highly crystalline
polyester which has 30% ultimate strain (Manavitehrani et al., 2016). PGA has been
commonly combined with collagen (Suzuki et al., 2016; Tsujimoto et al., 2017; Oatari

et al., 2018; Shimizu et al., 2018) for the fabrication of the nerve guides.

1.3.3.2.3. Poly(lactic acid-co-glycolic acid) (PLGA)

PLGA is a linear copolymer which can be prepared by using different ratios of its
constituent monomers, lactic (LA) and glycolic acid (GA) (Gentile et al., 2014). It can
also be obtained from lactide monomer and polyglycolic acid (PGA) by ring-opening
polymerization. PLGA can be dissolved in chlorinated solvents, tetrahydrofuran,
acetone or ethyl acetate unlike pure polylactic and polyglycolic acid. Its tailored
biodegradation rate, biocompatibility, and FDA approval for clinical use make PLGA
a promising material in the tissue engineering applications. Therefore, PLGA has been
utilized in the production of nerve guides to enhance peripheral nerve regeneration
(Wang et al., 2015; Li et al., 2016; Zhan et al., 2016; Li and Wang, 2017; Rao et al.,
2017; Nakamura et al., 2017; Wang et al., 2018).

1.3.3.2.4. Poly(e-caprolactone) (PCL)

Polycaprolactone (PCL) is synthesized by ring opening polymerization of e-

caprolactone and its structure is shown in Figure 1.14C. Its degradation takes several
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months to several years and depends on the molecular weight, degree of crystallinity,
and degradation conditions (Labet and Thielemans, 2009). PCL can be used as both
hard tissue and soft tissue compatible material in tissue engineering applications due
to its adaptability to different production strategies (Mondal et al., 2016). Therefore,
it has been used in many different studies to produce nerve tissue engineering scaffolds
(Jang et al., 2016; Panahi-Joo et al., 2016; Pan et al., 2018; Passipieri et al., 2019; Sun
etal., 2019).

1.3.3.2.5. Polyurethane (PU)

Polyurethane (PU) contains repeating urethane groups in its structure (Figure 1.14C).
Polyurethanes have been widely used in the preparation of all kinds of medical devices
due to its excellent mechanical properties and biocompatibility (Wang and Wang,
2012). Many scientists are involved in research on optimization of the properties PU
for specific applications. Biodegradable polyurethanes (PU), consisting of soft and
hard segments, are suitable candidate for nerve tissue engineering due to its flexibility
and other mechanical properties (Houshyar et al., 2019). In situ extrusion, dip coating,
and solvent casting are the main fabrication techniques for PU. Polyurethane based
biomaterials were also used with Schwann cells to enhance peripheral nerve

regeneration (Wu et al., 2016; Salehi et al., 2018; Wu et al., 2018; Salehi et al., 2019).

1.3.3.2.6. Poly(vinyl alcohol) (PVA)

Poly(vinyl alcohol) (PVA) can be prepared by the hydrolysis of polyvinylacetate (Ben
Halima, 2016). It is a water soluble and biodegradable synthetic polymer. PVA is an
ideal material for tissue engineering because it is biocompatible, highly hydrophilic
and easily processable (Aslam et al., 2018). It can be modified chemically through the
use of hydroxyl groups. PVA has been used in fibrous (Naghavi Alhosseini et al.,
2015; Ghasemi Hamidabadi et al., 2017) or oxidized (Stocco et al., 2018; Porzionato

et al., 2019) forms to produce nerve conduits.
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1.3.3.2.7. Polypyrrole (PPy)

Polypyrrole (PPy), a conductive polymer, is synthesized by oxidative polymerization
of pyrrole monomer in aqueous solution for 4 h at room temperature (Yussuf et al.,
2018). It is a polycationic electrical conductor which is able to incorporate anionic
biomolecules (dopants) to improve biocompatibility (Houshyar et al., 2019). Doping
of PPy with polymeric or biologically active anions and buffer salts has been studied
to make the PPy more attractive for tissue engineering applications due to its
conductivity, antigenicity, and nontoxicity. PPy based nerve guides have been
fabricated to promote peripheral nerve regeneration under electrical stimulation (Zhou

etal., 2016; Jing et al., 2018; Su et al., 2019; Xu et al., 2019).

1.3.3.2.8. Polyaniline (PANI)

Polyaniline (PANI) is composed of the repeating units of the aniline monomer. The
nitrogen atom in the phenyl rings allows the formation of different oxidation states
(Abd Razak et al., 2015). Its ease of synthesis, the feasibility of electrical conductivity
control, and the low cost of the aniline monomer make it an attractive conducting
polymer for tissue engineering applications. Electrical stimulation is commonly used
to enhance functional recovery of the muscle and nerve tissue (Anderson et al., 2015).
PANTI has been widely used to produce conductive nerve guides which show enhanced
nerve tissue regeneration under electrical stimulation (Xu et al., 2016; Das et al., 2017;

Abasi et al., 2019; Shrestha et al., 2019; Wang et al., 2019; Zheng et al., 2019).

1.3.4. Neurotrophic Factors Used in Peripheral Nerve Tissue Engineering

Neurotrophic factors are released endogenously by peripheral nerve tissues following
lesions. Therefore, these molecules are used to improve peripheral nerve regeneration
(Belanger et al., 2016). The most common compounds are nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), and glial cell-line derived neurotrophic
factor (GDNF). These growth factors we loaded into the NG by physical and chemical
bonds and explored frequently (Figure 1.15).
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Figure 1.15. Various approaches to incorporate nerve growth factor in the nerve guidance conduits.
(Sarker et al., 2018) 2018 Elsevier Ltd.

1.3.4.1. Nerve Growth Factor (NGF)

Nerve growth factor (NGF) is the first discovered (1956) and best characterized
neurotrophic factor (Aloe et al., 2015). It plays a protective role in the development
and survival of sympathetic, sensory and forebrain cholinergic neurons. NGF
promotes neurite outgrowth both in vivo and in vitro and nerve cell recovery after
injuries. Therefore, NGF has been commonly incorporated into the nerve guide
structure to promote nerve regeneration at the injured site (Xu et al., 2003; Madduri et
al., 2010; Xu et al., 2011; Yan et al., 2012; Zhang et al., 2017; Labroo et al., 2017;
Allbright et al., 2018; Wood et al., 2018). 50 ng/mL NGF is used for the differentiation
of PC12 cells in vitro (Hu et al., 2018).
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1.3.4.2. Brain-derived Neurotrophic Factor (BDNF)

Brain-derived neurotrophic factor (BDNF) has an important role in neuronal survival,
differentiation, and synapse formation during development and throughout adulthood
(Garraway and Huie, 2016). It promotes motor neuron survival and supports axonal
growth of motor and sensory neurons. Endogenous BDNF is required for peripheral
nerve regeneration and remyelination after a nerve injury (Zhang et al., 2000). BDNF
was loaded into the nerve guide structure to enhance nerve regeneration (Wang et al.,
2016; Obermeyer et al., 2019). It has also been showed that BDNF could be regulated
endogenously by a microRNA molecule (Yi et al., 2016).

1.3.4.3. Glial Cell Line-derived Neurotrophic Factor (GDNF)

Glial cell line-derived neurotrophic factor (GDNF) is a potent survival factor for
midbrain dopaminergic neurons and many other types of neuronal populations (Gu et
al., 2015). Local delivery of glial cell line-derived neurotrophic factor (GDNF) has
been found to improve peripheral nerve regeneration at damage sites (Liu et al., 2018).
Therefore, the release of GDNF from nerve guides has been studied to promote
peripheral nerve regeneration at the injury site (Bliley et al., 2015; Hsu et al., 2017;
Sarhane et al., 2019). GDNF has been combined with chondroitinase ABC to foster

axonal regeneration to repair peripheral nerve gaps (Sivak et al., 2017).

1.3.4.4. Other Neurotrophic Factors

Some other neurotrophic factors such as neurotrophin-3, ciliary neurotrophic factor
(CNTF), fibroblast growth factor (FGF) and granulocyte colony-stimulating factor
(G-CSF) are also used to promote peripheral nerve regeneration. Neurotrophin-3 (NT-
3) is the third neurotrophic factor in the family of neurotrophins. NT-3 supports the
survival and differentiation of existing neurons. It also promotes the growth and
differentiation of new neurons and synapses (Rangasamy et al., 2010). NT-3 (Bloch
et al., 2001; Francis et al., 2017), CNTF (Lu et al., 2015; Barbon et al., 2016; Yin et
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al.,2016), and FGF (Fujimaki et al., 2017; Lu et al., 2019) has been utilized to promote
peripheral nerve regeneration. Granulocyte colony-stimulating factor (G-CSF) can
inhibit inflammation and apoptosis (Jia et al., 2019). This provides a suitable

microenvironment for axonal regeneration.

1.4. Approach, Aim, and Novelty of the Study

The aim of this study was to contruct a tubular nerve guide with inner guidance
elements to create a microenvironment appropriate for peripheral nerve regeneration
and then test the guide in vitro and in vivo for functionality. The construct consisted
of an exterior tube and the interior guidance elements. The tube was made of
polycaprolactone (PCL) and was manufactured using the fused deposition modeling
(FDM) of additive manufacturing approach. The inner part of the nerve guide
consisted of aligned electrospun fibers made of gelatin-PHBVS5 to achieve the
alignment of PC12 cells along the nerve guide when the system was tested in vitro. A
laser-based microstereolithography setup was reported to be used in the fabrication of
a guidance conduit using a photocurable liquid prepolymer based on poly(ethylene
glycol) (PEG) (Haycock et al., 2015). However, this nerve guide is not biodegradable.
Until now no 3D printed biodegradable nerve guide that acted as a substrate for cell
migration and proliferation and actively promotes regeneration was developed for
peripheral nerve injury purposes. The main novelty is in the materials (PCL, gelatin
and PHBV) due to their degradability. When testing in in vitro, the gelatin fibers are
expected to increase the cell attachment and proliferation at the site of injury because
gelatin has cell attractive properties. The combination of these factors makes the nerve
guidance tube a novel tool to be used in the treatment of peripheral nerve injuries.
PC12 cells were only used in in vitro studies, and seeded on the inner gelatin-PHBV
aligned fibrous mats to mimic the regeneration of the injured nerve tissue. However,
Schwann cells were used in both in vitro and in vivo studies. Presence of Schwann
cells on the exterior 3D printed PCL tube mimics normal nerve tissue to provide the
necessary factors for differentiation of the PC12 into neurons. Moreover, these nerve

guides were tested in a rat sciatic nerve injury to assess their efficiency. The
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combination of these ingredients and processes allows us to produce a novel nerve

guidance tube to be used in the treatment of peripheral nerve injuries.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

Hydroxyethyl methacrylate (HEMA) monomer, ethylene glycol dimethacrylate
(EGDMA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBVY) (with 5% HV),
gelatin  from porcine skin, methacrylic anhydride, chloroform, 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), collagen type I, paraformaldehyde (37%), N,N,N",N'-
Tetramethylethane-1,2-diamine (TEMED), FITC-labeled phalloidin, 4,6-diamidino-
2-phenylindole dihydrochloride (DAPI), NGF- from rat, mouse anti-human collagen
Type I, and Alexa Fluor 532-conjugated anti-mouse Ig antibody were purchased from

Sigma (USA and Germany).

Sodium dihydrogen phosphate (NaH2POs), disodium hydrogen phosphate (NaxHPOy),
sodium chloride (NaCl), ethanol, acetic acid (HAc), acetone, 1,4-dioxane, and Tween-
20 were purchased from Merck Millipore (Germany). DMEM-High glucose, DMEM-
High glucose colorless, fetal bovine serum (FBS), trypsin-EDTA (0.25%) (HyClone),
and SnakeSkin pleated dialysis tubing were purchased from Thermo Scientific (USA).

Alamar Blue was purchased from Invitrogen Inc. (USA). Newborn calf serum was
from Lonza (Sweden). NucleoCasette was obtained from ChemoMetec (Denmark).
Penicillin/streptomycin (Pen/Strep) (100 units/mL - 100 pg/mL), and bovine serum
albumin (BSA) were purchased from Fluka (Switzerland). Ammonium persulfate
(APS), dimethyl sulfoxide (DMSO) and Triton-X 100 were obtained from AppliChem
(Germany). Anti-neuron specific beta-III tubulin antibody, anti-myelin basic protein,
anti-NeuN, Donkey anti-Rabbit IgG H&L (DyLight®488) secondary antibody were
purchased from Abcam (USA).
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2.2. Methods
2.2.1. Synthesis of Methacrylated Gelatin (GelMA)

Methacrylated gelatin was synthesized according to protocol adapted from literature
(Nichol et al., 2010). Type A porcine skin gelatin (100 bloom, Sigma, USA) was
dissolved in PBS to form a 10% (w/v) solution at 60 °C and stirred until completely
dissolved. Methacrylic anhydride (MA) (94%, Sigma, USA) was added into this
solution to obtain 20% (v/v) solution (Figure 2.1). After 1 h reaction at 50 °C, it was
diluted 5 times with warm (40°C) PBS and the resulted solution was dialyzed in a
dialysis tubing (CO 10,000) against distilled water for 1 week at 40 °C to remove
excess methacrylic acid and salts and then lyophilized for 1 week until a white foam

was obtained. It was stored at +4 °C until further use.

Methacrylated Gelatin
NH, i_ NH
o} (o] (0]
NH, % o
0

methacrylic anhydnde 0

NH, NH
2
NHz 50 °C NH

B GelMA Hydrogel

Irgacure 2959 >
UV irradiation

Figure 2.1. Methacrylation of gelatin. A) Methacrylation of gelatin with methacrylic anhydride, B)
Crosslinking of GeIMA with UV. (Nichol et al., 2010) 2010 Elsevier Ltd.

40



2.2.1.1. Determination of Methacrylic Acid Content of GelMA with NMR

Methacrylation of gelatin was verified using H' NMR. Gelatin and GelMA polymers
were dissolved in D20 at 30 mg/mL at 40 °C. '"H NMR spectra were obtained at room
temperature on a Bruker DPX 400 spectrometer operating at a 'H resonance frequency

of 400 MHz, and sixteen scans were acquired for signal-to-noise averaging.

2.2.2. Preparation of GeIMA-pHEMA Hydrogels

GelMA (15%, w/v) was dissolved in PBS in the presence of photoinitiator (2-
(hydroxyl)-4-(2-hydroxyethoxy)-2-methylpropiophenone) (Sigma, USA) (0.5%,
w/v). This solution was poured into a PDMS template and placed in the UV cabin
(BIO-LINKTM UV Crosslinker DLX-365, Germany) and crosslinked with UV for 1
min. The final product had pHEMA in various proportions (9:1, 8:2, 7:3, 6:4, 5:5, v/v)

to obtain an optimum hydrogel formation.

2.2.3. Characterization of GelMA-pHEMA Hydrogels
2.2.3.1. FTIR Analysis

The hydrogel surfaces were analyzed with FTIR-ATR spectroscopy (Perkin Elmer
Spectrum, Frontier, Massachusetts, USA) to show the methacrylation of the gelatin
and the homogeneity of the GelMA-pHEMA blends. All samples were scanned 4

times in the range 400-4000 cm™! with a resolution of 4 cm’!.
2.2.3.2. SEM and ImageJ Analysis

Scaffolds were coated with gold-palladium (Au-Pd) under vacuum and examined with
SEM (Quanta 400F Field Emission SEM, Netherlands). Surface and the cross-section
porosity and pore size of GelMA-pHEMA hydrogels were determined with ImageJ
(NIH, USA) analysis.
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2.2.3.3. Water Content (WC) Determination

The swelling behavior of the hydrogels was studied by measuring the changes in their
weights and diameters. Samples were incubated at 37 °C for 12 h in a water bath,
wiped with filter paper to remove the excess water and weighed. Diameters were also

measured. Water content was calculated according to the following equation:

WC (%)=((Ww-Wa)/Wy) x100 (1)

where WC (%) is water content (%, w/w), Wy, is the weight of wet samples, and Wy

is the weight of dry samples.
2.2.3.4. Degradation of Hydrogels

Scaffolds were weighed to a sensitivity of 0.1 mg and incubated in PBS (10 mM, pH
7.4) at 37 °C for 4 weeks to study the degradation behavior in PBS. The samples were
removed from PBS, rinsed with distilled water 3 times, lyophilized and weighed.
Weight loss was determined weekly for 4 weeks (n=3). The extent of degradation was
determined gravimetrically as the percent weight loss according to the following

equation:

Remaining weight (%) = (Wo—W4q)/W4q) x 100 (2)
where W, is the original dry weight and Wy is the dry weight after incubation.
2.2.3.5. Mechanical Tests

Tensile mechanical tests were conducted on a Shimadzu AGS-X Universal Testing
Machine (Japan) at a displacement rate of 2 mm/min at RT. The pHEMA and GelMA-
pHEMA hydrogels were brought to equilibrium swelling in distilled water (24 h, RT)
and rectangular test samples (30 mm x 10 mm) were cut and tensile modulus of the
scaffolds was calculated. Compression tests were conducted on a Univert, CellScale
mechanical test system (Canada) at a displacement rate of 1 mm/min in the vertical

direction and compressive modulus of the scaffolds was calculated. Stress (o), strain
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(¢), tensile and compressive modulus of the samples were calculated as in equations

(3), (4), and (5).

Stress (6) = F/A 3)
Strain (&)= Al/l 4)
Tensile/Compressive modulus= o/e (5)

where F is the applied force, A is the cross-sectional area, | is the initial sample length,

and Al is the displacement.
2.2.4. Preparation of Gelatin-PHBYV Fiber Mats

Gelatin-PHBVS solutions (5, 10, 15, %, w/v) were prepared in hexafluoroisopropanol
(HFIP) and transferred into a syringe. The positive pole of the power supply was
connected to the metal syringe tip, and the negative pole was connected to the
collector. In order to obtain aligned fibers, a rectangular plate with parallel grids was
used as the collector as was previously described (Yucel et al., 2010). 11 kV potential
was applied. Distance between the syringe needle and the collector was 11 c¢cm, and
the flow rate was 4 puL/min. Three different polymer concentrations were used to

achieve a very high degree of alignment (Table 2.1).

Table 2.1. Conditions for electrospinning of Gelatin-PHBV5 polymer solutions in HFIP.

Potential (kV) Distance (cm) Flow rate (uL/min) Concentration (%, w/v)
11 11 4 5
11 11 4 10
11 11 4 15

2.2.4.1. SEM

Fiber diameters of gelatin-PHBV fibers were determined by using scanning electron
microscopy (Quanta FEI, United States). Scaffolds were coated with gold and

examined under SEM.
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2.2.4.2. Degradation of Electrospun Fibrous Mats

In order to study the degradation behavior of the mats, they were weighed to a
sensitivity of 0.1 mg and incubated in distilled water at 37 °C for 4 weeks. Weekly,
the samples were removed from the water, lyophilized and weighed. Weight loss was
determined for 4 weeks. The degradation rate was determined gravimetrically as the

percent weight loss according to the following equation:
Remaining weight (%) = (Wo—W¢)/Wy) x 100 (6)

where W, is the original (dry) weight and W is the dry weight after incubation at time
t.

2.2.5. Incorporation of the Inner Elements into the Nerve Guide

Aligned gelatin-PHBVS fibers were produced as 2Ds mat by electrospinning. In order
to introduce them into the 3D printed PCL tube, the fibrous mats were rolled into a

tube (Figure 2.2).

— 1A%
| Gelatin-PHBVS aligned fibers | | Fiber mat rolled into a tubular shape | | Top view of PCL tube | | Side view of PCL tube |

\ J

l Biodegradable Nerve Guide |

Figure 2.2. Production of a biodegradable nerve guide.
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2.2.6. 3D Printing of PCL Tube

A hollow cylindrical nerve guide model (10 mm width x 10 mm height) was drawn
with SketchUp 3D modeling program (Trimble Inc., USA) and it was converted to
STereoLithography (.STL) files with CURA (3D printing slicing software) to make
them printable with the Bioscaffolder® (SYS+ENG, Germany). Polycaprolactone
(MW 50,000 daltons, Polysciences Inc., USA) was printed at 130 °C on the cold table
(4 °C) at 20 °C room temperature with a I mm strand distance. Velocity in Xy and z-

directions (Fyy, F,) is 300 mm/s.
2.2.6.1. SEM of 3D printed PCL Tube

Fiber diameters of PCL tubes were measured by using scanning electron microscopy
(SEM) (Quanta FEI, United States). Scaffolds were coated with gold before

examining under SEM.
2.2.6.2. Micro CT (nCT)

Microcomputed tomography (LCT) is an X-ray based imaging technique. In pCT, X-
rays emitted from an X-ray generator travel through a sample, and are recorded by a
detector on the other side to produce a radiograph. The sample is then rotated by a
fraction of a degree and another projection image is obtained. This procedure is
repeated until the sample is scanned throughout 360 degrees and a 3D image is
obtained. In this study, micro CT studies were carried out to record and study the
porous structure and the distribution of pores in the 3D printed PCL tube. Conditions

applied were 10 pm/Pixel, 59 kV voltage and without any filter.
2.2.6.3. Water Contact Angle

The contact angle is a measure of surface free energy and as a result wettability of
biomaterials in situ. It is important for cell attachment and growth for any scaffold
because it influences protein adsorption and cell adhesion (Menzies and Jones, 2010).
The water contact angle of the PCL tubes was determined with contact angle

goniometer One Attension (Biolin Scientific, Finland). Distilled water (5 puL) was
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placed at 5 different locations on the scaffolds, contact angles were measured and

averaged. Contact angle 6 was found according to Young’s equation (Equation 7):
ng = Ogl + Glg . COS@ (7)

where oy is the surface tension of the liquid, oy is the interfacial tension between

liquid and solid and the surface free energy os, of the solid (Figure 2.3).

Gas

O A Liquid

o Solid

Is

Figure 2.3. Schematic diagram of the components of a three-phase system.

2.2.6.4. Mechanical Test

It is important for a nerve conduit to have sufficient mechanical properties, especially
tensile strength and toughness, to withstand the forces in vivo and to protect the
regenerating nerve tissue (Borschel et al., 2003). All tensile tests were conducted using
a Shimadzu AGS-X Universal Testing Machine (Japan). The thickness of rectangular
PCL test samples (30 mm x 10 mm) was measured with a micrometer (Erste Qualited,
Germany) with a sensitivity of 10 um. Tensile properties were determined in dry state
at room temperature (n=6). In order to prevent slippage, the ends of the samples were
stabilized with clamps, with a gauge length of 10 mm. The crosshead speed of the load
cells was 2 mm/min. Stress (o), strain (€), and ultimate tensile strength (UTS) of the

samples were calculated according to equations (3) and (4) as stated in 2.2.3.5.
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2.2.7. In Vitro Studies
2.2.7.1. In Vitro Studies with GeIMA and pHEMA Hydrogels

In vitro studies were carried out to assess the cytocompatibility of the hydrogels with
the Schwann cells (SCs) (SW 10, ATCC CRL-2766). These hydrogels are served as

the exterior part of the nerve guide.
2.2.7.1.1. Schwann Cell Seeding on GelMA-pHEMA Hydrogels

Schwann cells (SCs) that served as the support cells for proliferating PC12 cells were
seeded on the GeIMA, GeIMA-pHEMA (5:5), and pHEMA hydrogels. Cells were
grown in DMEM high glucose tissue culture medium containing penicillin (100
U/mL), streptomycin (100 pg/mL), and 10% FBS. Aliquots of the cell suspension
were seeded on scaffolds to achieve a cell density of 5x10* cells/scaffold. The cell-
seeded hydrogels were incubated at 37 °C and 5% CO; for 2 h to allow for the
attachment of the cells. Then, fresh medium was added, and incubation continued for

three more weeks with the medium being refreshed every 2 days.
2.2.7.1.2. Determination of Cell Attachment and Proliferation

Alamar Blue cell viability assay was performed to determine cell attachment and
proliferation on the hydrogels. Alamar Blue is a water soluble dye in its oxidized form
and is reduced in the cytosol by mitochondrial enzyme activity upon accepting
electrons from NADPH, FADH, and NADH (O’Brien et al., 2000). This redox
reaction is accompanied by a color change of the culture medium from Indigo Blue
(resazurin) to fluorescent pink (resorufin); the reduced state. The UV-Vis absorbances
or fluorescence intensity was measured with a UV-Vis spectrophotometer at 570 and
595 nm. Reductions were calculated according to the protocol of the producer

(Invitrogen Inc., USA) in Appendix B.

A calibration curve was constructed using known cell densities (SCs) to correlate the

cell numbers with the extent of dye reduction (%) (shown in Appendix B).
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2.2.7.1.3. Confocal Laser Scanning Microscopy (CLSM) Studies

At the end of the culture period, the growth media of the cell-seeded GeIMA-pHEMA
hydrogels and gelatin-PHBV mats were discarded, and cells fixed with 4% (w/v)
paraformaldehyde at RT for 15 min. Cell membranes were permeabilized with Triton
X-100 (1% v/vin PBS pH 7.4) at RT for 5 min. After washing, samples were incubated
in BSA (1% w/v in PBS) at 37 °C for 30 min. The stain Alexa Fluor 488-Phalloidin
(1:200 w/v, prepared in 0.1% BSA, w/v in PBS), was added to the samples and stored
at RT for 1 h to stain the actin fibers of the cytoskeleton. After two washes with PBS,
samples were incubated with DRAQS (Sigma, USA) for 30 min at RT to stain the cell
nuclei. Samples were washed twice with PBS and stored in PBS solution until

examination using a Confocal Laser Scanning Microscope (Leica, Germany).
2.2.7.2. In Vitro Studies with Gelatin-PHBYV Fibrous Mats
2.2.7.2.1. PC12 Cell Seeding on Aligned Gelatin-PHBV Mats

PC12 cells (pheochromocytoma cells derived from the adrenal gland of Rattus
norvegicus) (ATCC CRL-1721.Adh) were grown in Ham’s F12 tissue culture medium
containing penicillin (100 U/mL), streptomycin (100 pg/mL), 2.5% FBS, and 15%
horse serum, 50 ng/mL NGF. Aliquots of the cell suspension were added on the
scaffolds to create a cell density of 5x10* cells/scaffold. The cell-seeded mats were
incubated at 37 °C and 5% CO; for 2 h to ensure attachment of the cells. Then, fresh

medium was added onto the scaffolds, and incubation continued for three weeks.
2.2.7.2.2. Cytoskeleton and Nucleus Staining

Cell-material interactions were studied using both SCs and PC12 with confocal laser
scanning microscopy (CLSM). Cells were fixed with 4% (w/v) paraformaldehyde
(Sigma, USA) at room temperature (RT) for 15 min. Cell membrane was
permeabilized by treating with Triton X-100 (1% v/v in PBS pH 7.4) for 5 min.
Samples were incubated in BSA (1% w/v in PBS) at 37 °C for 30 min and then stained
with Alexa Fluor 488-Phalloidin (Abcam, USA), (1:200 w/v, prepared in 0.1% BSA,
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w/v in PBS) (1 h, RT). After two washes with PBS, the samples were incubated with
DRAQ)5 (Sigma, USA) (30 min, RT) to stain the cell nuclei red. Samples were washed

and stored in PBS solution until examination with a CLSM (Leica, Germany).
2.2.7.2.3. Live-Dead Cell Viability Test

In order to study the viability of PC12 cells in the Gelatin-PHBV fiber mats. PC12
seeded mats were stained with Live-Dead assay dye mixture (250 pL) for 15 min at

RT. Dye mixture was removed, mats washed with PBS, and scaffolds were examined

with CLSM.
2.2.7.2.4. Beta-11I Tubulin and NeuN Antibody Staining

PC12 cells on the aligned gelatin-PHBV mats were stained with beta-III tubulin and
NeuN antibody to study their differentiation into neurons. The scaffolds were fixed as
above, and were incubated in the blocking solution (1% BSA, 10% goat serum, 0.1%
Tween 20 and 0.3 M glycine in PBS), and then anti-beta III tubulin and NeuN
antibodies (1:100 and 1:20 dilution in 0.1% PBS/BSA solution, respectively) were
added onto the specimens and incubated overnight at 4 °C. After washing with 0.1%
PBS-BSA solution, they were incubated in both Alexa Fluor 488-labelled anti-mouse
antibody produced in goat (1:100 dilution in 0.1% BSA-PBS) and Alexa Fluor 647-
labelled anti-rabbit antibody produced in donkey (1:100 dilution in 0.1% BSA-PBS)
at 37 °C for 1 h and washed with 0.1% PBS-BSA. Samples were examined with
CLSM.

2.2.7.2.5. SEM of PC12 Cell Seeded Mats

PC12 cells on gelatin-PHBYV fibrous mats were studied by using scanning electron
microscopy (SEM). Mats were coated with gold before examining under SEM from

the top (Quanta FEG 650, Quanta FEI, United States).

49



2.2.7.3. In Vitro Studies with 3D Printed PCL Tube
2.2.7.3.1. Schwann Cell Culture

Schwann cells (SCs) were seeded on the PCL tubes as support cells. SCs were grown
in DMEM high glucose tissue culture medium containing penicillin (100 U/mL),
streptomycin (100 pg/mL), and 10% FBS. Aliquots of the Schwann cell (SW10,
ATCC CRL-2766) suspension were seeded on scaffolds to achieve a cell density of
5x10* cells/scaffold. The cell seeded scaffolds were incubated at 37 °C and 5% CO»
for 2 h to allow for attachment of the cells. Then, fresh medium was added and

incubation continued for four weeks with the medium being refreshed every 2 days.
2.2.7.3.2. Cell Attachment and Proliferation

Alamar Blue Cell Viability Assay was performed to quantify the cell attachment and
proliferation on the PCL tubes. Reductions were calculated according to the protocol

of the producer (Invitrogen Inc., USA, Appendix B).
2.2.7.3.3. CLSM

Surface properties of PCL tubes and their interactions with cells were studied with
confocal laser scanning microscopy (CLSM). Cells were fixed with 4% (w/v)
paraformaldehyde (Sigma, USA) (15 min, RT), and membranes were permeabilized
with Triton X-100 (1% v/v in PBS pH 7.4) for 5 min. Samples were then incubated in
BSA (1% w/v in PBS) at 37 °C for 30 min. Alexa Fluor 488-Phalloidin (Abcam, USA),
(1:200 w/v, prepared in 0.1% BSA, w/v in PBS), was added directly onto the samples
and stored at RT for 1 h to stain the actin fibers of the cytoskeleton. After washing
with PBS, the samples were incubated with DRAQS5 (Sigma, USA) (30 min, RT) to
stain the cell nuclei red. Samples were washed twice with PBS and stored in PBS
solution until examination using a Confocal Laser Scanning Microscope (Leica,

Germany).
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2.2.7.3.4. Myelin Basic Protein (MBP) Antibody Staining

Schwann cells were stained with myelin basic protein (MBP) to study its expression
level on the PCL tubes. The scaffolds were fixed with 4% paraformaldehyde for 15
min. Then they were incubated in the blocking solution (1% BSA, 10% goat serum,
0.1% Tween 20 and 0.3 M glycine in PBS). Anti-Myelin Basic Protein antibody (1:20
dilution in 0.1% PBS/BSA solution, respectively) was then added onto the specimens
and incubated overnight at 4 °C. After washing with 0.1% PBS-BSA solution they
were incubated in both Alexa Fluor 488-labelled anti-mouse antibody produced in
goat (1:100 dilution in 0.1% BSA-PBS) and Alexa Fluor 647-labelled anti-rabbit
antibody produced in donkey (1:100 dilution in 0.1% BSA-PBS) at 37 °C for 1 h and
then washed with 0.1% PBS-BSA solution. Samples were studied using a confocal

laser scanning microscope (Zeiss LSM 9100, Germany).
2.2.7.3.5. SEM of Schwann Cell Seeded PCL Tubes

Schwann cells seeded on PCL tubes were coated with gold, and examined under

scanning electron microscopy (SEM) (Quanta FEG 650, Quanta FEI, United States).
2.2.8. 3D Printing of PCL Tube for In Vivo Studies

A hollow cylindrical nerve guide model (5 mm width x 10 mm height) was drawn
with SketchUp 3D modeling program, and then converted to STereoLithography
(.STL) files with CURA (3D printing slicing software) in order to make them printable
with the Bioscaffolder® (SYS+ENG, Germany). Polycaprolactone (MW 50,000
daltons, Polysciences Inc., USA) was printed at 120 °C on the cold table (4 °C) at 20

°C with a 1 mm strand distance. Velocity in xy and z-direction (Fxy, F2) is 300 mm/s.
2.2.9. In Vivo Studies

This part of the studies was performed at Department of Medical Pharmacology,
Hacettepe University. /n vivo studies were conducted with male Wistar rats weighing
between 200-220 g. There were four experimental groups. The first group consisted

of rats, the sciatic nerve of which were cut and a 10 mm long section was removed.
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This group was used as a negative control. 10 mm x 5 mm (length x width) hollow
cylindrical 3D printed PCL tube was implanted in the damaged area in the second
group. The third group had 3D printed PCL tube like the second group, also gelatin-
PHBYV fibers were integrated inside of this PCL tube. The last group of animals had
the complete set of nerve guide including a 3D printed PCL tube, gelatin-PHBYV fibers,
and Schwann cells (SW10 cell line) seeded on the PCL tube.

—

/ . \f‘\ Group 1: No implant
njury site =
-y D - Group 2: PCL tube
C \ﬁ“{“ﬁ/_\\‘_i_\‘é Group 3: PCL tube+ES mat
—— Group 4: PCL tube+ES mat+SCs

10 mm long sciatic nerve is removed.

Figure 2.4. Schematic representation of the in vivo groups.

Week 1 Week 2 Week 3 Week 4
| i i
Sciatic Nerve Damage | Walking Track Analysis (Evaluation of Static Sciaticindex) |
Implantation of the scaffolds

Electrophysiological measurements
Extraction of the tissue for
histological examination

Figure 2.5. Time course of the in vivo studies.

2.2.9.1. Implantation of the Nerve Guides

Rats anesthetized with intraperitoneal xylazine (90 mg/kg) + ketamine (10 mg/kg)
were shaved from the right hind leg surface. The skin was disinfected with a 10%
polyvinylpyrrolidone-iodine solution. 2 cm long skin incision was made to reveal the
sciatic nerve on the right side of the right leg. A portion of 10 mm from the right sciatic

nerve was cut out, and tubes prepared in the other groups were placed, and the left
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sciatic nerve was opened in the same way, and sham surgery was performed without
damaging the sciatic nerve. 1 mg/mL paracetamol was given to the animals in drinking
water for 24 h. Schwann cell group was cultured 10 days before implantation, and they

reached 2,39 x 10* + 23 x 10° cells when the cell seeded scaffolds were implanted.
2.2.9.2. Walking Track Analysis

The rats were taken into a transparent 20 x 12 x 9 cm cage and illuminated by the cold
light source from the bottom. The camera was placed under the cage and with the help
of the Image J Software, the width of the toes was measured on a weekly basis. 50
photographs are taken in 10 minutes per animal. 5 of these photographs were selected
and used for the calculation of the static sciatic index (SSI). Criteria for selection of
photographs were: 1) rat body was flat, and 2) the 4 paws of the rat were on the
transparent platform. For each rat, the 5 measurements were averaged. The
measurements were compared with both nerve damaged and sham-operated paws and

nerve healing is evaluated functionally.

The parameters of 1-5 toe spread (TS) and 2—4 intermediate toe spread (ITS) of
injured and non-injured hind footprints were measured on the basis of the digital
images using the Visual-SSI setup (Bozkurt et al., 2008). After image acquisition,
digital images were exported to the available image editing program for quantification
of the toe spreading. The measurements from these footprints were averaged to
determine the parameter values and their standard deviations. Ratios of hindfoot
parameters (1-5 toe spread factor [TSF], and intermediate toe spread factor [ITF])
were determined as described by Bervar (2000) for both injured and uninjured paws,

all measurements being made by a single observer:

TSF = (OTS - NTS) /NTS (8)
ITSF = (OITS - NITS) / NITS (9)
SSIindex = (108.44 X TSF) + (31.85 X ITSF) - 5.49 (10)
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TSF: toe spread factor, OTS: operated side toe spread, NTS: non-operated side toe
spread, ITSF: intermediate toe spread factor, OITS: operated side intermediate toe

spread, NITS: nonoperated side intermediate toe spread, SSI: static sciatic index.
2.2.9.3. Electrophysiological Measurements

The sciatic nerves of rats were anesthetized with the injection of intraperitoneal
xylazine (90 mg/kg) + ketamine (10 mg/kg) on day 28. Once the right leg of the rat
was well fixed, the sciatic nerve was isolated from the surrounding tissues starting
from the distal. Bipolar stimulation electrode was placed on the proximal side of the
sciatic nerve to introduce monophasic stimuli (stimulation frequency 0.1 Hz; pulse
duration 0.1 millisecond; pulse intensity 1-12 V). The recordings were obtained from
the distal with bipolar platinum hook electrodes. The signals for the recordings were
digitized with Powerlab (AD Instruments, Australia) with a differential amplifier. The
threshold and maximum amplitude were determined by increasing the intensity of the
stimulation pulses, and the results were evaluated electrophysiologically by

comparing the left sciatic nerve with sham surgery.
2.2.9.4. Histological Analysis

Histological assessments were conducted to observe the scaffold integration into the
nervous tissue. They gave information about the immunological response, repair and

regeneration of the tissue after implantation.
2.2.9.4.1. Embedding of the Scaffolds

Scaffolds were removed on Day 28 after the electrophysiology recordings were
completed. They were fixed in 4% paraformaldehyde (PFA) solution overnight. Then,
they were washed twice with PBS. Scaffolds were put in 15% sucrose solution for 30
min on a shaking incubator. After then, 15% sucrose solution was removed and the
scaffolds were put into 30% sucrose solution for 30 min. After taking out a 30%
sucrose solution, 30% sucrose-optimal cutting temperature (OCT) (1:1) solution was

added onto the scaffolds for 30 min. Lastly, scaffolds were removed from that solution

54



and put onto freezing molds. OCT medium was added onto them to cover all of their

surfaces, then they were stored at -80 °C freezer.
2.2.9.4.2. Sectioning with Cryotome

OCT blocks including scaffolds were taken out from -80 °C freezer and put onto the
cryotome holder for sectioning. 10 um thick tissue slices were taken onto glass slides.
Sections were taken from the upper, middle and lower part of the scaffolds. They were

stored at +4 °C until they were stained.
2.2.9.4.3. Hematoxylin and Eosin (HE) Staining

The tissue sections were washed with distilled water for 15 min to remove OCT
medium. Then, sections were incubated in alcohol series (100%, 96%, 70%) for 3 min
each. Sections were incubated in Hematoxylin stain for 5 min. Slides were washed
with tap water for 7 min to remove the excess stain. Then, slides were incubated in
eosin stain for 5 min. After staining, slides were kept in 96% alcohol for 2 min and
then in 100% absolute ethanol for 3 min. Slides were dried and mounted with Entallan.

Micrographs of the tissue sections were taken under light microscope.
2.2.9.4.4. Masson’s Trichrome Staining

Masson’s trichrome staining procedure was performed according to the HT15
Trichrome Stains (Masson) Kit (Sigma Aldrich, USA). The tissue sections were
washed with distilled water for 15 min to remove OCT medium. Then, slides were
incubated in Working Weigert’s Iron Hematoxylin solution for 5 min. Slides were
washed with running tap water for 5 min, and rinsed with deionized water. After then,
slides were incubated in Biebrich Scarlet-Acid Fuchsin for 5 min, and rinsed with
deionized water. Slides were incubated in working phosphotungstic/phosphomolybdic
acid solution for 5 min. Then, slides were incubated in aniline blue solution for 5 min.
After then, slides were kept in 1% (v/v) acetic acid for 2 min and rinsed. Slides were
dehydrated through 96% and 100% alcohol respectively, and mounted. Micrographs

of the tissue sections were taken under light microscope.
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2.3. Statistical Analysis

Statistical analyses were performed using a two-way analysis of variance (ANOVA)
with Tukey's post hoc test or Student's t-test with a minimum confidence level of 95%,
p <0.05 were considered statistically significant. All values were reported as the mean

+ standard deviation.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Methacrylic Acid (MA) Content of GeI]MA

Gelatin was methacrylated as presented in section 2.2.1. Proton NMR was used to
determine the degree of methacrylation. Degree of methacrylation (DM) is found by
dividing the number of methacrylated groups attached to gelatin into the number of
amine groups of unreacted gelatin (Brinkman et al., 2003). In this study, DM was
determined by dividing the integrated peaks at 5.3 ppm and 5.5 ppm due to double
bond hydrogens of methacrylate groups to integrated peaks at 7.2 ppm due to aromatic
residues of gelatin (Nichol et al., 2010). DM of 65% was calculated according to the
NMR results. Figure 3.1 shows the NMR spectra of both gelatin and methacrylated
gelatin. Formation of 5.3 ppm and 5.5 ppm peaks after methacrylation indicates the

incorporation of double bonds into the gelatin structure.

Gelatin Methacrylated Gelatin (GelMA)
A) B)

MA
5.5 and 5.3 ppm
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Figure 3.1. "H NMR spectra of A) Gelatin and B) Methacrylated gelatin (GeIMA). The expanded
region between 5 and 6 ppm in the GelMA spectrum is shown at the inset.
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3.2. Characterization of GelMA-pHEMA Hydrogels
3.2.1. FTIR Analysis

3300 cm™ (O-H stretching vibrations), 2922 cm™' (C—H stretching), 1640 cm™ (O-H
bonding), and 1525 cm™ (C—N stretching and N-H bending) bands are seen in Figure
3.2 which shows the FTIR spectrum of gelatin, GeIMA and uncrosslinked GeIMA (Li
et al., 2005). A decrease around 3300 cm™! peak can be related to the decrease in the
total number of —OH groups in the polysaccharide structure because of UV
crosslinking (Ciardelli et al., 2005). Moreover, the decrease of the 3010 cm™! peak
related to the C-C bond shows the success of the photopolymerization and the
consequent introduction of GeIMA in the final structure of the hydrogel (Almeida et
al., 2011). There are typical amide I and II bands at 1640 cm™ and 1540 cm! in this
spectrum due to C=0 stretching and N-H bending, respectively. There are also
differences in the C—H stretching and bending areas between gelatin and GeIMA

spectra due to the addition of the methacrylate groups into the lysine groups of gelatin.
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Figure 3.2. FTIR spectra of gelatin, uncrosslinked and crosslinked GeIMA.
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Figure 3.3 shows the FTIR spectra of GeIMA, pHEMA, and GeIMA-pHEMA (6:4)
hydrogels. The blend of GeIMA-pHEMA contains the peaks of both GeIMA and
pHEMA (1700 cm™, 1630 cm™, 1545 cm™ and 1154 cm™). This confirms the

homogeneous nature of the blend hydrogel.

g, o\ 1545¢m1
] o ) e \.“‘ | i / ~—
l - "\ f\\ | :JI\‘\IJ; N
: GelMVIA 1630 cm'L. *I \/
]
i
D |
%l : 1700 cm?® | VIV
| PHEMA ' et e - 1154 cm!
i) |
|
|
} GelMA-pHEMA (6:4)
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3.3. FTIR spectra of GeIMA, pHEMA, GelMA-pHEMA (6:4).

3.2.2. SEM Analysis

Porosity, pore size distribution and the average pore size of the scaffolds are very
critical for cell migration, nutrient diffusion, and waste removal (Hasirci et al., 2010).
Therefore, structures with interconnected pores are considered to be suitable for the
survival of the cells. SEM micrographs GeIMA, GeIMA-pHEMA blend (9:1, 8:2, 7:3,
6:4, 5:5), pHEMA hydrogel surfaces and cross-sections are shown in Figure 3.4 and
3.5. Porosity and pore size of the hydrogels decreased when the amount of pHEMA is
increased in the hydrogel structure. Figure 3.6 shows the porosity and the pore sizes
calculated by Image J program. While pHEMA has the lowest (15%) porosity, GelMA
has the highest (70%). Other hydrogels with different GeIMA and pHEMA
compositions (9:1, 8:2, 7:3, 6:4, 5:5) had porosity between these values (20-65%).
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This is also similar for the pore sizes (15-40 um). It was observed that as the

concentration of pHEMA increased, pore sizes of the hydrogel decreased.

Figure 3.4. SEM micrographs of surfaces of A) GeIMA, B) GelMA-pHEMA (9:1), C) GelMA-
pHEMA (8:2), D) GeIMA-pHEMA (7:3), E) GeIMA-pHEMA (6:4), F) GeIMA-pHEMA (5:5), G)
pHEMA hydrogels.

Figure 3.5. SEM micrographs of cross-sections of A) GelMA, B) GeIMA-pHEMA (9:1), C) GeIMA-
pHEMA (8:2), D) GeIMA-pHEMA (7:3), E) GeIMA-pHEMA (6:4), F) GeIMA-pHEMA (5:5), G)
pHEMA hydrogels.

60



A) &0 Bl GelMA

= 91
B 3.2
mn 73
Bl 64
B 55
Bl pHEMA

Pore Size (um)
8 8 &

-
o
1

o
1

Surface Cross-section Surface Cross-section

Figure 3.6. Characterization of the GeIMA-pHEMA the hydrogels. A) Porosity, B) Pore size
(Imagel). Statistical differences (* p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) are indicated.

3.2.3. Water Contents

The water contents of different types of GeIMA, GeIMA-pHEMA blend (9:1, 8:2, 7:3,
6:4, 5:5), pHEMA hydrogels were ingestigated in PBS and presented in Figure 3.7.
Water contents of GelMA and pHEMA were calculated as 92% and 21%, respectively.
Similar values of water content (91% and 30%) were reported for GeIMA and pHEMA
hydrogels in the literature (Wang et al., 2016). The water content of the hydrogels
decreased, as the amount of pHEMA in the hydrogel structure increased. This suggests
that the pHEMA amount in the hydrogel decreases the water content of the hydrogel
significantly. In a study, the influence of pHEMA content in the gel on its swelling
behavior has been explored (Bajpai and Kankane, 2007). Their results indicate an
important decrease in the water sorption capacity with increasing pHEMA content like
in this study. This situation may be explained by increasing synthetic polymer fraction
in the gel. Another reason could be that the intermolecular forces between the
functional groups of chains become stronger and the gel becomes compact with
reduced sizes with an increasing number of pHEMA chains in the gel. This causes a

significant fall in the water content of the hydrogels.
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Figure 3.7. Water content of the GeIMA:pHEMA the hydrogels. Statistical differences (* p < 0.05,
**p < 0.01, ¥**p < 0.001, ****p <0.0001) are indicated.

3.2.4. Mechanical Tests

Only pHEMA and GeIMA-pHEMA (5:5) blend hydrogels were tested since other
blend hydrogels (9:1, 8:2, 7:3, 6:4) were very soft, and could not withstand the
pressure during the tensile test. Tensile modulus and the UTS of the pHEMA
hydrogels were found as 710+150 kPa and 200+70 kPa. These values are 320+60 kPa
and 140450 kPa for GelMA-pHEMA (5:5) hydrogels (Table 3.1). The compressive
modulus of pHEMA (163+29 kPa) is significantly higher than that of GeIMA-pHEMA
(5:5) (6510 kPa), and GelMA (1.73+£0.15 kPa) hydrogels. Compression values of
GelMA-pHEMA (5:5) hydrogels are almost half of pHEMA hydrogels. This reveals
that pHEMA contributes to the mechanical strength of the nerve guide significantly.
In another study, a gradual increase in compression modulus was observed with
increased HEMA/AAc ratio (from 3/7 to 7/3) of the hydrogels (Jaiswal and Koul,
2013). This could be the result of the reduced water content of hydrogels with higher

pHEMA contents. Decreased displacement values with increasing HEMA content
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may be caused by the lesser amount of water present in the hydrogel for displacement

during the compression test.

Table 3.1. Mechanical properties of GelMA and pHEMA based hydrogels.

Samples Tensile Tensile Compressive
Modulus (kPa) | Strength (kPa) | Modulus (kPa)

pHEMA 710150 200+70 163+29

GelMA-pHEMA (5:5) | 320+£60 140+50 65+10

GelMA - - 1.73+0.15

Borschel et al. (2003) found the ultimate tensile strength (UTS) and tensile modulus
(Young’s modulus) of a rat sciatic nerve tissue as 2720 kPa and 580 kPa, respectively.
Moreover, decellularized nerve tissue had a UTS of 1400 kPa and an elastic modulus
of 576 kPa (Borschel et al., 2003). Since the conduit constructed in this study is
initially free of cells, it is more appropriate to compare it with the decellularized nerve.
Although the UTS is lower than the expected value, tensile modulus of the pHEMA
and GeIMA-pHEMA (5:5) hydrogel are very close to the decellularized nerve guide.
Thus, both GeIMA-pHEMA (5:5) and pHEMA hydrogels could be used in the outer
part of the nerve guide. After cell growth, the mechanical strength is expected to

increase significantly (Frantz et al., 2010).
3.2.5. Weight Loss Test in PBS

Biodegradable scaffolds are widely used in tissue engineering applications. Cells are
initially grown on the scaffolds in the tissue construction process, and they gradually
penetrate into the structure. Meanwhile, polymer degradation creates space for cell
growth, and the cells deposit new extracellular matrix (ECM) which eventually
replace the scaffold (Salih, 2009). In the end of this degradation process, the scaffold
is expected to disappear completely. Rate of ECM deposition should match the rate of
scaffold degradation for the appropriate healing of the tissue. In this study, both
PHBYV, a biopolymer, and gelatin, another natural polymer, were biodegradable, with
different rates of degradability.
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Weight loss of GelMA, GeIMA-pHEMA (5:5), and pHEMA hydrogels are presented
in Figure 3.8. Degradation of pHEMA product is not detected as it is a nondegradable
polymer (Slaughter et al., 2009). GeIMA hydrogels, however, lose half of their content
over four weeks. This degradation rate is suitable for cell growth because it creates
extra space for cell growth. In a different study, comparatively a loose network was
formed by incorporation of gelatin, where gelatin was leached in a time-dependent

manner (Jaiswal and Koul, 2013).
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Figure 3.8. Weight loss of the GeIMA and pHEMA based hydrogels over 4 weeks. Statistical
differences (* p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) are indicated.

3.3. Characterization of Gelatin-PHBVS5 Fiber Mats

Gelatin and PHBV were designed as a partially sacrificial fiber system. Different
polymer concentrations (5, 10, 15, %, w/v) were prepared to achieve the highest
degree of alignment (Figure 3.9). Alignment is very important for a nerve guide since
cells need topographical cues for their migration. Therefore, it is critical to align the
nerve cells along the nerve guide to provide successful nerve regeneration since nerve

tissue is anisotropic.
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Figure 3.9. SEM micrographs of Gelatin-PHBV fiber mats. A) 5%, B) 10%, and C) 15% polymer
concentration.

In this study, the degree of alignment is increased with the increasing polymer
concentration which may be attributed to the increasing fiber diameter (Table 3.2).
The highest degree of alignment (7°), calculated by using NIH, ImageJ program, was
achieved with 15% polymer concentration. This situation is also observed in another
study (Bashur et al., 2009). As the concentration of poly(ester urethane) urea solution
increased from 8 to 12%, the alignment of the fibers also increased. The fiber

diameters were also increased with the increasing concentration of the polymer.

Table 3.2. Characteristics of gelatin-PHBYV fiber mats.

Concentration of Degree of Porosity (%) | Fiber diameter
gelatin-PHBYV solution | Alignment ( °) (um)

in HFIP (%, w/v)

5 46 4443 0.3+0.2

10 21 5142 1.2+0.5

15 7 44+3 3.2+2.1

3.3.1. Dissolution Profile of Electrospun Mats

Figure 3.10 shows the dissolution profile of gelatin-PHBV mats. On Day 1, 31% of
the weight of gelatin-PHBVS fibrous mats was lost. This high loss rate is probably
due to the high dissolution rate of gelatin, since it was not stabilized by crosslinking.

Gelatin was introduced as a sacrificial material to be removed rapidly to create some
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space for the cells to grow on which would not be possible if the fibers filled the inner
volume without leaving room for the cells to adhere and extent on. By Day 7, the
weight loss was 44%, practically half the mat material which is roughly equal to the
gelatin content. After losing the gelation content on the first week, the weight loss rate

was lower.
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Figure 3.10. Dissolution profile of Gelatin-PHBV ES fibrous mats in PBS at 37 °C shaking incubator
over 28 days.

3.3.2. Thickness of Electrospun Mats

Aligned mats were cut into 1 cm x 1.5 cm rectangles, rolled into a cylindrical shape,
and inserted into the PCL tubes. However, the rolling process of the thin mats is very
difficult. The collector used was rectangular, and fibers which have the highest
alignment were found at the center of the collector, however, these mats were very
thin and difficult to roll. Mats from the edge of the collector (36.2 + 6.57 um) were
thicker than the mats from the center of the collector (10.2 = 2.17 pm). Thickness,
fiber diameter, and degree of alignment of gelatin-PHBV mats from the center and the
edge of the collector are summarized in Table 3.3. Both of them had the similar degree

of alignment and fiber diameter. The only significant difference was found in their
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thickness. Therefore, mats from the edge of the collector were used for the rest of this

study.

Table 3.3. Physical properties of gelatin-PHBV ES mats at the center and the edge of the electrospin

system collector.

Sample Thickness (um) | Fiber Diameter (um) | Degree of Alignment
(&)

Center of the| 10.2+2.17 1.8 £0.60 T+7

collector (thin)

Edge of the|36.2+6.57 1.5+0.40 8+ 6

collector (thick)

3.4. 3D Printing of the Nerve Guides

Different types of nerve guide models were drawn with SketchUp 3D modeling

program and they were converted to STereoLithography (.STL) files with CURA (3D

printing slicing software) in order to be able to print with the Bioscaffolder®

(SYS+ENG, Germany) (Figure 3.11).

Figure 3.11. Bioscaffolder® 3D printing system.

Figure 3.12 shows three different cylindrical models designed and printed by using

PCL. The first model was a hollow PCL tube (20 mm diameter). Then, channels were
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added along the axis of the cylinder to provide guidance of the cells. However, in our
studies, we tried to decrease the size of our model to mimic the natural nerve issue.
When the diameter of the model is decreased, it becomes almost impossible to provide
guidance channels due to the fiber diameter set by the inner diameter of the needle.
Still, due to the nature of fuse deposition of the polymer, Figure 3.11C has aligned

surface inside. Therefore, this model was used for further experiments.
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Figure 3.12. STereoLithography (.STL) files and stereomicrographs of FDM printed PCL scaffolds.
A, D) w/o guidance elements (diameter 20 mm, 4 layers), B, E) w/ guidance elements (diameter 20
mm, 4 layers), C, F) w/o guidance elements (diameter 10 mm, 75 layers).

After deciding about the model, PCL was printed at different temperatures (110 °C,
120 °C, 130 °C) to optimize the printing conditions. Even though the melting point of
PCL is around 60 °C, PCL could not be printed at 110 °C. At 130 °C, polymer melted
excessively forming some extra fibers (Figure 3.13A). Printing at 120 °C was possible
and thus 120 °C was the optimum temperature for 3D printing. Cold table (4 °C) was
used to cool the printing platform on which the layers are deposited. The shapes of the
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tubes became irregular rather than straight (Figure 3.13B). Distorted shapes become
more apparent when the side views of the scaffolds were compared (Figure 3.13E).
The best scaffold printing was achieved by using a cold table and 120 °C (Figure
3.13F). After this point, 120 °C and cold table were used as the printing conditions for
the rest of the study.

Figure 3.13. 3D printed PCL tubes (10 mm x10 mm) under different temperatures, and with and
without cold table. Top views A) at 130 °C, B) at 120 °C, C) at 120 °C on a cold table, Side views D)
at 130 °C, E) at 120 °C, F) at 120 °C on a cold table.

3.4.1. SEM of PCL tube

The SEM results of the PCL tubes show that the gap sizes are 675 £ 40 um and the
fiber diameters are 382 + 25 um. These sizes are quite suitable for cell growth and
penetration. The side view shows that both the pore sizes and fiber diameters are
significantly smaller than from the top view; 47 + 16 pm and 231 + 8 pm, respectively.

It is mostly caused by the long height (10 mm) of the tubular structure since 75 layers
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of PCL was printed for each scaffold and some fibers collapse into each other.
However, it is an advantage for cell seeding because Schwann cells (SCs) were seeded
from the outside of the tube and small pore sizes may increase the chance of cell
attachment and retention on this surface. Figure 3.14 also shows the smooth surface

of deposited PCL fibers which is an indicator of successful 3D printing.

=L

Figure 3.14. SEM micrographs of PCL tube from A, C) Top and B, D) Side view.

3.4.2. Micro CT

Micro CT (uCT) is an advanced method which enables imaging in three dimensions
on a small scale with a very high resolution. Using a puCT scanner, the internal
structure of tissue can be visualized without destroying the sample tissue. Micro CT
was used to provide an insight about 3D printed PCL tubes. Figure 3.14A shows the
3D computer model of the nerve guide prepared by CURA, and its structure is very
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similar to the pCT image of the 3D printed PCL tube (Figure 3.14B). This fidelity
between them indicates the success of 3D printing. Micro CT image of the 3D printed
PCL conduit shows the precisely mimicked inner architecture of the tube and
homogeneous nature of the fibers and the pores. Total porosity of the tube walls was
measured as 55%. This is expected because the structure was designed to have fibers
380 um thick and the lateral gaps between the fibers were 675 um wide. The center

of the tubular scaffold is hollow in order to incorporate the electrospun fibers.

Figure 3.15. Nerve guide structures. A) 3D model of the nerve guide, B) Micro CT micrograph of
PCL tube.

3.4.3. Water Contact Angle

Wettability is the ability of a liquid to maintain contact with a solid surface which
results from intermolecular interactions. The degree of wettability is determined by a
balance between adhesive and cohesive forces (Menzies and Jones, 2010). Wettability
of biomaterials in vitro is assessed by measuring the water contact angle (WCA) at the
liquid-solid interface. When a liquid comes into contact with a solid surface, there is
a relationship between the contact angle 0, the surface tension of the liquid ojg, the
interfacial tension os between liquid and solid and the surface free energy o of the

solid according to Young’s equation:

GOsg = Osl + Olg ° coso (1 1)
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Figure 3.16. Schematic diagram of the components of a three-phase system.

According to the Young equation, a solid surface with low energy shows a high
contact angle, whereas a high energy surface displays a low contact angle (Huhtamaki
etal., 2018). In the measurement, the sessile drop technique used in this study involves
placing a droplet of distilled water from a syringe onto the surface of the test material
and the CA is measured with a goniometer. The water contact angle on the 3D printed
PCL surface was found as 77 + 7° which corresponds to the high wettability category
(Rupp et al., 2014). Cell attachment is generally high on moderately hydrophilic
surfaces (Gonzalez-Carrasco et al., 2019). Therefore, Schwann cells were expected to

attach to the PCL tube surface effectively.
3.4.4. Tensile Testing

Stress (o) is the force (F) exerted on the area (A) of the tested sample, the highest
values of which is the ultimate tensile strength (UTS). In the elastic region, the slope
of the initial linear region of the stress-strain curve gives the elastic modulus (Young’s

modulus, E), and the maximum value of the stress is the ultimate tensile strength

(UTS) (Figure 3.17).

Stress (6) = F/A (12)
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Figure 3.17. Stress-strain curve of a ductile material. (Teo et al., 2014) Springer-Verlag London
2014.

Young’s modulus and the UTS of PCL films were found as 150+20 kPa and
12,000+£800 kPa, respectively. Appropriate flexibility and rigidity of nerve guide tubes
are necessary for the migration of Schwann cells and endothelial cells as well as long
term support for regenerated nerves (Niu et al., 2014). Damaged nerve ends can come

together with the excellent mechanical properties of PCL (Qian et al., 2018).

Young’s modulus and the UTS of the pHEMA hydrogels were found as 570+80 kPa
and 200£70 kPa, respectively. These values are 260+40 kPa and 140+50 kPa for
GelMA-pHEMA (5:5) hydrogels (Table 3.4). When compared with the values of
pHEMA and GelMA-pHEMA (5:5) hydrogel, these are very improved results. In a
study by Borschel et al. (2003), the elastic modulus and UTS of a rat sciatic nerve
tissue were found to be 570 kPa and 2700 kPa, respectively. PCL films have higher
UTS, but lower elastic modulus than the rat sciatic nerve. After cell growth, the

mechanical strength is expected to increase significantly.
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Table 3.4. Mechanical properties of PCL, pHEMA, and pHEMA-GelMA (5:5).

Sample PCL pHEMA pPHEMA-GelMA (5:5)
Young’s modulus 150+20 570+80 260+40

(kPa)

UTS (kPa) 12,000+800 200+70 140450

3.5. In Vitro Studies
3.5.1. In Vitro Studies with GeI]MA and pHEMA Hydrogels
3.5.1.1. Schwann Cell Proliferation

Alamar Blue assay was conducted to study the proliferation of Schwann cells (SCs)
seeded on GeIMA, GeIMA-pHEMA (5:5) and pHEMA hydrogels (Figure 3.18). SCs
attached on all of these hydrogel surfaces and proliferated significantly as the culture
duration increased. Schwann cell number was higher on GelMA, GelMA-pHEMA
(5:5) than pHEMA alone on Day 14. This may be attributed to the cell attractive
properties of gelatin because it has inherent peptide sequences (Arg-Gly-Asp (RGD)
motif) which facilitate cell adhesion (Koshy et al., 2014). However, all hydrogels
supported cell growth which shows that any of them could be used as a nerve guide

material in the treatment of peripheral nerve injuries.
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Figure 3.18. Schwann cell proliferation on pHEMA, GeIMA and GeIMA-pHEMA (5:5) hydrogels
over 3 weeks. Initial cell seeding density: 10° cells/cm?. Statistical differences (*p < 0.05) are
indicated.
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3.5.1.2. CLSM

Cell-material interactions were studied with CLSM. The cytoskeleton (green) and the
nuclei (red) were stained with Alexa Fluor 488-Phalloidin and DRAQS, respectively.
Schwann cell (SC) proliferation on GeIMA-pHEMA (5:5) and pHEMA hydrogels was
shown in Figure 3.19. Cellular connections were apparent on Day 14. Cell number
seemed higher on GeIMA-pHEMA (5:5) hydrogel which was also confirmed with
Alamar Blue assay. This may be attributed to the cell attractive properties of the
gelatin. Another study revealed that the covalently bound gelatin sequences
significantly improve the biocompatibility of pHEMA based hydrogels (Dragusin et
al., 2012). SCs covered most of the hydrogel surface and formed cellular networks on
Day 21. These results suggest that both pHEMA and GelMA-pHEMA hydrogel were

suitable for Schwann cell proliferation.
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Figure 3.19. CLSM images of cytoskeleton (green), nucleus (red), and merged Schwann cells on A-
C) pHEMA, D14, D-F) GelMA-pHEMA (5:5), D14, G-I) pHEMA, D21, J-L) GelMA-pHEMA (5:5),
D21.

3.5.2. In Vitro Studies with Gelatin-PHBYV Fibrous Mats
3.5.2.1. PC12 Cell Proliferation

Attachment and proliferation of PC12 cells on gelatin-PHBV mats from the center and

the edge of the collector were studied with Alamar Blue assay (Figure 3.20). Initial

76



cell seeding density was 5x10* cells/scaffold. Cell attachment was better on the mats
from the edge of the collector. It can be due to the thickness of the mats. Samples from
the edge of the collector are thicker than the ones taken from the middle part.
Therefore, cell number is higher on the mats from the side of the collector. However,
cell proliferation is higher on the mats from the center of the collector as the incubation
time increased. This can be explained by cell penetration to those mats. These mats
are thinner, so there is more space for cell penetration. Although there is a significant
difference between the two mats statistically, both of them seem suitable for cell

attachment and proliferation.
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Figure 3.20. PC12 proliferation on thick and thin gelatin-PHBV electrospun mats. Initial cell seeding
density: 5x10* cells/scaffold.

3.5.2.2. PC12 Cell Alignment

PC12 cells were seeded on both plain glass slide and aligned gelatin-PHBYV fibers in
order to study the PC12 cell alignment throughout the fibers (Figure 3.21). PC12 cells
had a random cell distribution on the glass slide because there are not any guidance
cues on them. However, PC12 cells are aligned in the direction of the fibers since

aligned fibers provided attachment places throughout their uniaxial direction. This
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directional cell alignment is necessary for the formation of uniaxial nerve tissue

formation.

PC12 on glass slide PC12 on aligned Gelatin-PHBV fibers

>

Figure 3.21. CLSM images of cytoskeleton staining of PC12 cells on A) Glass slide, and B) Aligned
gelatin-PHBYV fibers on Day 7, 10x.

Figure 3.22 shows the PC12 cells on gelatin-PHBV (5:5) aligned fibrous mats over
three weeks. Even on Day 1, cells were aligned along the fibers. Cellular connections
and neurite outgrowth were observed on Day 7. Surfaces of the mats were covered
with PC12 cells on both D14 an D21. Like cell growth, neurite extensions showing
the differentiation of PC12 cells into neurons were more apparent with increasing
incubation time. This shows the suitability of gelatin-PHBV mat surface for cell
attachment, proliferation, and alignment. Integration of this mat inside the nerve guide
as inner guidance element would provide attachment and alignment of the damaged
neurons at the injured site. By this way, damaged neurons could be rejoined through
the use of gelatin-PHBV aligned fibrous mats to provide peripheral nerve
regeneration. Z-section micrographs of these mats also show the increased penetration
and the growth of PC12 cells on these mats with increasing incubation duration. It also

shows the migration of these cells into the mat structure.
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Figure 3.22. CLSM images of PC12 cells on gelatin-PHBYV aligned fibrous mats. A) Day 1, B) Day

7, C) Day 14, D) Day 21, E) Day 1, F) Day 7, G) Day 14, H) Day 21, I) Day 1, z-section, J) Day 7, z-

section, K) Day 14, z-section, L) Day 21, z-section. Cytoskeleton (green) and nucleus (red) staining.
Arrows show the neurite outgrowth.

3.5.3. In Vitro Studies with 3D Printed PCL Tube

3D printed PCL tubes were served as the exterior of the nerve guide and Schwann
cells (SCs) were seeded on this part as support cells to mimic the peripheral nerve and

support nerve regeneration.
3.5.3.1. Schwann Cell Proliferation

The proliferation of Schwann cells seeded on PCL tubes was studied with Alamar
Blue assay over 3 weeks. Cell attachment was successful and Schwann cells
proliferated very well on PCL tubes (Figure 3.23). Although cell proliferation rate was
higher on TCP surface (TCPS), the proliferation rate of SCs on PCL tube was close to
the TCPS surface. More space (surface area of Sarstedt 6-well plate=8,87 cm?) is
available for the cells on the TCPS, however, PCL tube has smaller areas (surface area

of the scaffold=3,14 cm?) for the cell growth and proliferation due to the limited size
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of the scaffolds. Besides, Schwann cells were seeded on the top of the tubular

scaffolds, even smaller surface area was available for the cell attachment on Day 1.
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Figure 3.23. Schwann cell proliferation on PCL tubes over 3 weeks. Initial cell seeding density:
2.5x10* cells/scaffold.

3.5.3.2. Confocal Microscopy of SCs on the PCL Tubes

CLSM studies were carried out to study the cell-material interaction. Alexa Fluor 488-
Phalloidin was used to stain the cytoskeleton (green) and DRAQS to stain the nuclei
(red) of SCs. Figure 3.24 shows the Schwann cell (SC) proliferation on 3D printed
PCL tubes. In the beginning of the incubation, there are less number of cells because
the initial cell seeding density is low. However, as the incubation duration increased,
SC number increased, too. This is also confirmed with Alamar Blue assay. The highest
number of cells was found on PCL tubes at the end of the incubation time (Day 21).

They even migrated into the sides of the PCL tubes.
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Figure 3.24. CLSM images of Schwann cells seeded on 3D printed PCL tubes. A) D1, B) D7, C)
D14, D-F) D21. Cytoskeleton (green) and nucleus (red) staining.

3.5.4. In vitro Studies with Nerve Guide (Coculture of SCs and PC12)

The positive effect of SCs on the myelination and differentiation of PC12 cells has
been shown in other studies (Watabe et al., 1995; Keilhoff et al., 2006; Sango et al.,
2012). Therefore, SCs were seeded on the exterior of the 3D printed PCL tubes.
Gelatin-PHBVS (5:5) mats were produced by electrospinning and incorporated into
the 3D printed PCL tube as inner guidance elements to provide the alignment of the
nerve cells. PC12 cells were seeded on one side of these mats which is considered as
the proximal part of the damaged nerve. Migration of these cells into the other part of
the mat (distal part) was studied to create an in vitro model of peripheral nerve

regeneration.
3.5.4.1. SCs and PC12 Cell Proliferation on the Whole Nerve Guide

The cell proliferation on the nerve guide was studied with Alamar Blue assay. The

proliferation rate on TCPS was higher than that on the nerve guide (Figure 3.25). The
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cell number increase on TCPS and nerve guide continued for 3 weeks. When
compared with TCPS, less number of cells attached to the nerve guide on Day 1, but
their proliferation rate was very high. Although cell proliferation rate was 4-fold
higher on TCPS, the proliferation rate of SCs and PC12 on the nerve guide was also
good. TCPS has larger surface area for cell growth, and the cells on TCPS has easier
nutrient and oxygen access because of its 2D structure. On the 3D nerve guides, cells
must have migrated into the pores of the tube and the mat, therefore they may not have
sufficient nutrient and oxygen flow as on TCPS. However, when different time points
were compared, a successful cell proliferation rate was also observed with the nerve

guide structure.
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Figure 3.25. Proliferation of PC12 and Schwann cells on nerve guide and tissue culture plate surface
(TCPS control) over 21 days. Initial cell seeding density: 2x103 cells/scaffold. Cell number is the total
of SCs and PC12 cells as Alamar Blue assay cannot distinguish the two.

3.5.4.2. Confocal Microscopy of SCs on PCL Tube and PC12 on ES Mats

Figure 3.26 and 3.27 show Schwann cell (SC) proliferation on PCL tubes over three
weeks. SC proliferation was higher on PCL tubes with a higher incubation duration.
This was also confirmed with Alamar Blue assay. They showed cluster-like

formations on the PCL tube which is more apparent on D21. SCs were seeded on the
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exterior side of the PCL tube. However, SCs were not only found on the side of the
tubes, but they were also seen on the top of the PCL tube at the end of the incubation.
Figure 3.27 shows SCs on the top of the PCL tube. This indicates that SCs migrated
along the PCL tube, and proliferated. This is very promising for the mimicking of the

nerve tissue in which SCs are found on the outer side of the peripheral nerve trunk.

Nucleus Cytoskeleton Merged

Figure 3.26. CLSM images of SCs cells on 3D printed PCL tubes over 3 weeks view from the side,
10x. A) Nucleus, B) Cytoskeleton, C) Merged image (Day 1), D) Nucleus, E) Cytoskeleton, F)
Merged image (Day 7), G) Nucleus, H) Cytoskeleton, I) Merged image on Day 14, G) Nucleus, H)
Cytoskeleton, I) Merged image (Day 14), G) Nucleus, H) Cytoskeleton, I) Merged image on Day 14,
G) Nucleus, H) Cytoskeleton, I) Merged image (Day 21).
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Nucleus Cytoskeleton Merged

Figure 3.27. CLSM images of SCs cells on 3D printed PCL tubes over 3 weeks view from the top,
5x. A) Nucleus, B) Cytoskeleton, C) Merged image (Day 1), D) Nucleus, E) Cytoskeleton, F) Merged
image (Day 7), G) Nucleus, H) Cytoskeleton, I) Merged image (Day 14), G) Nucleus, H)
Cytoskeleton, I) Merged image on Day 14, G) Nucleus, H) Cytoskeleton, I) Merged image (Day 21).

Figure 3.28 shows the PC12 cells on the gelatin-PHBV (5:5) aligned fibrous mats
removed from the inside of the nerve guide. Cells were attracted to this surface very
well and proliferated admirably over three weeks. Alignment of these cells was

apparent on Day 1, and most of the mat surfaces were covered with PC12 cells at the
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end of the incubation period. This was also confirmed with the cell proliferation assay.
Cell attractive properties of gelatin-PHBV mats make them very suitable for tissue

engineering applications.

Nucleus Cytoskeleton Merged
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Figure 3.28. CLSM images of PC12 cells on 3D printed gelatin-PHBV mats over 3 weeks, 10x. A)
Nucleus, B) Cytoskeleton, C) Merged image (Day 1), D) Nucleus, E) Cytoskeleton, F) Merged image
(Day 7), G) Nucleus, H) Cytoskeleton, I) Merged image (Day 14), G) Nucleus, H) Cytoskeleton, I)
Merged image (Day 14), G) Nucleus, H) Cytoskeleton, I) Merged image (Day 21).
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3.5.4.3. Live-Dead Assay of PC12 Cells on ES Mats

Gelatin-PHBYV aligned fibrous mats were rolled and placed into the hollow 3D printed
PCL tube to form the nerve guide structure. PC12 cells were seeded on one side of
these mats to mimic the proximal region of the damaged peripheral nerves. In half of
the samples, Schwann cells (SCs) were seeded on the PCL exterior of the nerve guide
while PC12 were on the mat to study the effect of SCs on PC12 cell migration. Live-
Dead assay was conducted to study the viability of PC12 cells in the mats. PC12 cells
were seen to cover the mats completely (proximal, middle, and distal) with SCs group
even from D14, however, no cells were observed on the distal part of the mats without
SCs group (Figure 3.29). On D21, PC12 cells had covered the mats fully with both
SCs and without SCs group having less number of cells on the distal part. At the end
of the incubation, all parts of the mats were covered with PC12 cells on both groups.
A large fraction of cells (>95%) was alive on the gelatin-PHBYV fibrous mats (Figure
3.30A). It is an indicator that inner guidance elements composed of gelatin-PHBV
aligned fibrous mats can provide space for the growing neurons for the neuronal
regeneration in the case of peripheral nerve injury. One significant difference was
observed on D28 samples; a higher number of cells were alive in the SCs group. Figure
3.30B shows the cell number analysis on the different parts of the nerve guide in with
(w SCs) or without (wo SCs) Schwann cells group. As the incubation duration was
increased, the cell number increased, too. However, this analysis was made by using
the CLSM micrographs of the PC12 cells, and may not represent the whole nerve
guide structure. Still, it gives an idea about the general distribution of the PC12 cells
on the gelatin-PHBV mats. For example, there are not any cells found on the distal

part of the nerve guide on Day 14.

86



Schwann cell seeding

PC12 cell seeding

Exterior of PCL tube ‘
Proximal end Middle Distal end

9]

PC12+SCs

DAY 14

PC12+5Cs

DAY 28

o~
-
(o)
a

Figure 3.29. Live-Dead and Migration analysis of PC12 cells on gelatin-PHBV aligned fibrous mats.
A-C) Proximal, Middle, Distal, Day 14, with SCs, D-F) Proximal, Middle, Distal, Day 14, w/o SCs,
G-I) Proximal, Middle, Distal, Day 21, with SCs, J-L) Proximal, Middle, Distal, Day 21, w/o SCs, M-
O) Proximal, Middle, Distal, Day 28, with SCs, P-R) Proximal, Middle, Distal, Day 28, w/o SCs.
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Figure 3.30. Cell viability and cell number analysis of PC12 cells by NIH, ImagelJ. A) Cell viability
(%) analysis of PC12 cells on D14, D21 and D28 micrographs, B) Cell number analysis of PC12 cells
on D14, D21, and D28 micrographs.

3.5.4.4. Neuron-Specific Antibody Staining

Class III B-tubulin (B-III tubulin) is a microtubule element expressed in neurons and
it is used as an early neuronal marker (Brat, 2010). NeuN 1is a
neuronal nuclear antigen which is used as a late neuronal marker (Gusel’nikova and
Korzhevskiy, 2015). In this study, PC12 cells (derived from a pheochromocytoma of
the rat adrenal medulla) are used to represent the peripheral nerve cells. PC12 cells
have the potential to differentiate into neurons in the presence of the nerve growth
factor (NGF). PC12 cells were stained with both an early (B-I1I tubulin) and a late

(NeuN) neuronal marker to study their differentiation into neurons.

As in the earlier tests, scaffolds seeded with PC12 alone and with Schwann cells (SCs)

were used. Figure 3.31 (A-H) shows the beta-tubulin, cytoskeleton, and nucleus
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staining of the D28 PC12 cells on gelatin-PHBYV aligned mats. Analysis of antibody
expression levels was studied with NIH, Imagel program. Expression of beta-tubulin
1s higher with SCs group. Figure 3.31 (I-P) shows the NeuN, cytoskeleton, and nucleus
staining of the D28 PC12 cells on gelatin-PHBV aligned mats. NeuN expression is
10-fold lower when compared with beta-tubulin expression, however, no difference
was observed between the groups. Their difference may be more apparent as the

incubation time increased since NeuN is a late neuronal marker.

PC12+4SCs \

B-Tubulin Beta-tubulin ul Cytoskeleton

PC12
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H
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Figure 3.31. Beta-tubulin (blue), NeuN (blue), cytoskeleton (green) and nucleus (red) merged CLSM
images of PC12 cells on gelatin-PHBYV aligned fibrous mats on D28.

&9



3.5.4.5. SEM of PC12-Seeded on Gelatin-PHBYV Fibrous Mats

Gelatin-PHBYV (1:1) aligned fiber mats were produced as inner guidance elements for
the nerve guide. By this way, anisotropic nature of the nerve tissue can be mimicked.
To make a complete nerve guide, these aligned structures were incorporated into the
3D printed PCL tube. PC12 cells were seeded on these mats to mimic the nerve cells.
Figure 3.32 shows the PC12 cell attachment and cell-to-cell contact throughout the
fibers on Day 28. Most of the mat surface is covered with PC12 cells, and neurites of
these cells make connections with each other which is a good sign for neural
transmission. Relatively loose network of fibers was observed most probably due to
the dissolution of the gelatin from the mats which provided more space for cell growth.
In another study, neurites of PC12 cells showed the parallel growth on aligned PCL
fibers (Yao et al., 2009).

2,500x 5,000x

Figure 3.32. SEM micrographs of D28 PC12 cells on gelatin-PHBYV mats. A) 2,500x, B) 5,000x, C)
10,000x. Arrows show cell-to-cell contact points.

3.5.4.6. Expression of Myelin Basic Protein (MBP) by Schwann Cells

In this study, Schwann cells (SCs) were seeded on the exterior of the nerve guide, a
3D printed PCL tube, to serve as support cells for neuronal regeneration. The myelin
sheath functions as an insulator to greatly increase the velocity of axonal impulse
conduction. MBP maintains the correct structure of myelin, interacting with the lipids

in the myelin membrane and the expression of the MBP by the SCs shows the
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myelination of the SCs which is an indicator of the functionalization of these cells.
Myelin basic protein (MBP) is an important protein in the myelination process of the
nerves (Boggs, 2006). Figure 3.33 shows the MBP, cytoskeleton, and nucleus staining
of the D28 SCs on PCL tube. SCs formed colony-like formations on the fibers of the
PCL tube. High expression level of MBP on the 3D printed PCL tube indicated the
functionalization of SCs. The negative controls of both 3D printed PCL tube and
gelatin-PHBYV fibers are presented in Figure 3.34. This figure shows that there is no
signal coming from the scaffolds which causes the autofluorescence. Therefore, it can

be concluded that all the signals are coming from the cells.

Cytoskeleton

Cytoskeleton

Cytoskeleton

Figure 3.33. Myelin Basic Protein (MBP) (blue), cytoskeleton (green), nucleus (red), and merged
CLSM images of Schwann cells seeded on PCL exterior of the nerve guide (D28).
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Figure 3.34. CLSM images of unstained A) PCL tube and B) Gelatin-PHBV mat from 488 channel
which is used for the antibody staining.

3.5.4.7. SEM of SCs Seeded on PCL Tube

Schwann cell attachment on the 3D printed PCL surface was shown in Figure 3.35.
Yellow arrows indicate the cellular connections between SCs which is very good for
cell proliferation and signaling. Most of the cells protrude from one fiber into another
and migrate on the surface of the PCL tube. Schwann cells interacted with the PCL
fibers very nicely by forming the cellular appendages on the fiber which shows the

biocompatibility of the material.

Figure 3.35. SEM micrographs of D28 Schwann cells on 3D printed PCL tube. A-B) 1,000x, C)
2,000x. Arrows show cell-to-cell contact points.
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3.6. In Vivo Studies

The effect of the nerve guide on peripheral nerve healing was evaluated in terms of
their function and also histologically in rats from whose sciatic nerves were cut. A
sciatic nerve injury (10 mm long) was created in Wistar star rats and in vivo studies
were conducted at Medical Pharmacology Department, Hacettepe University to assess

the efficiency of the developed nerve guides.
3.6.1. SEM of 3D Printed PCL Nerve Guide for In Vivo Studies

The diameter of the PCL tubes was decreased from 5 mm to 3 mm in order to match
the dimensions of the rat sciatic nerve tissue which has a diameter around of 1-2 mm.
SEM shows that the average pore size of this PCL tube is 208 + 19 pm and the average
fiber diameter is 218 + 31 um (Figure 3.36).

Top view Side view

Figure 3.36. SEM micrographs of 3D printed PCL tube for in vivo studies, 50x. A) Top view, B) Side
view.

3.6.2. Implantation of the Nerve Guides

Implantation procedure of the nerve guides to the Wistar star rats is shown in Figure
3.37. First, the surgical site is cut open, and 10 mm long sciatic nerve is dissected and

the site is stiched back with 7/0 vicryl sutures. This served as the negative control
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group. The other groups were 3D printed PCL tubes; 1) Hollow, 2) With gelatin-
PHBYV mats inserted, and 3) With gelatin-PHBV mats and seeded with Schwann cells
on the exterior of the PCL tube. After the implantation of the nerve guides, the surgical
site was closed with 4/0 prolene sutures. Each group had 6 animals, and they were

anesthetized with intraperitoneal xylazine (90 mg/kg) + ketamine (10 mg/kg).

10 mm #7

- nervecut//

10 mm
PCL tube

Figure 3.37. Implantation procedure of the nerve guides. A) Dissection of rat sciatic nerve, B)
Removal of 10 mm sciatic nerve, C) Implantation of 10 mm hollow PCL tube, D) Closing of the
surgical site. In the negative control, step C was omitted.

3.6.3. Testing of Functionality (Static Sciatic Index-Walking Track Analysis)

A footprint analysis method was developed to evaluate the degree of functional
recovery in studying peripheral nerve regeneration process (de Medinaceli et al.,
1982). This method was modified over the years (Bain et al., 1989). The SFI (sciatic
functional index), a footprint analysis, uses three parameters of hind limb
performance: Print Length (PL, heel to tip of toe 3), Intermediate Toe Spread (ITS,

distance between toes 2-4) and Toe Spread (TS, distance between toes 1-5). Bervar
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introduced a new parameter termed the static sciatic index (SSI) (Bervar, 2000). In
this technique, both ITS and TS parameters were demonstrated to be statistically
correlated with the SFI. In this study, SSI was used as an indication of the functional

recovery after sciatic nerve injury. SSIindex was calculated according to the following

equations:
TSF = (OTS — NTS) / NTS (13)
ITSF = (OITS — NITS) / NITS (14)
SSIindex = (108.44 x TSF) + (31.85 x ITSF) - 5.49 (15)

TSF: toe spread factor, OTS: operated side toe spread, NTS: non-operated side toe
spread, ITSF: intermediate toe spread factor, OITS: operated side intermediate toe

spread, NITS: nonoperated side intermediate toe spread, SSI: static sciatic index.

After the implantation of the nerve guides, static sciatic index (SSI) values of the four
different groups (n=4) were calculated for each time point. TSF, ITSF, and SSI values
of different groups were presented in Table 3.5. Different types of groups can be
summarized as Group I: empty defect, Group II: Tubular nerve guide at the defect site,
Group III: Tubular nerve guide with the mat at the defect site, Group IV: Tubular

nerve guide with the mat and the Schwann cells at the defect site.

Table 3.5. SS1 scores of different in vivo groups.

Group TSF ITSF SSI
Number D7 D14 | D21 | D28 D7 D14 | D21 | D28 | D7 | D14 | D21 | D28
I -0,61 | -0,63 | -0,60 | -0,64 | -0,48 | -0,51 | -0,60 | -0,45 | -87 | -90 -84 91
II -0,56 | -0,60 | -0,62 | -0,58 | -0,46 | -0,51 | -0,62 | -0,51 | -81 | -87 -90 -85
I -0,55 | -0,59 | -0,58 | -0,60 | -043 | -0,44 | -0,52 | -048 | -79 | -83 -83 -86
v -0,57 | -0,58 | -0,58 | -0,58 | -048 | -043 | -0,61 | -0,51 | -82 | -82 -90 -84

Figure 3.38 shows SSI scores of different groups over 28 days. There is a significant
difference between the Group I, II and IV on Day 28. This shows that there is a
functional recovery in the groups having PCL tube and PCL tube, gelatin-PHBV mat,
and Schwann cells which shows the efficiency of these nerve guides to repair a sciatic

nerve injury. No significant difference was found in Group III when compared with
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the control (Group I). This was not expected because the mat was incorporated into
the nerve conduit to guide the neurons. However, no major recovery was observed in
terms of action potential propagation. This might be a result of the blockage of the cell

growth inside the PCL tube.
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Figure 3.38. Static sciatic index (SSI) scores of in vivo samples over 28 days. Statistical differences
(*p<0.05, **p <0.01, ***p <0.001, ****p < (0.0001) are indicated.

3.6.4. Electrophysiological Measurements

Electrophysiological measurements of amplitude % and nerve conduction velocity of
the different groups were conducted (Figure 3.39). Positive control was the untreated
rat sciatic peripheral nerve, and its amplitude (%) was taken as 100. When compared
with the negative control group, the PCL tube group presented a statistically
significant improvement. However, other groups did not show any significant

improvement.
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This situation is the same for the nerve conduction velocity. PCL tube including mat
and SCs has also improved nerve conduction velocity compared with injury. These
results are consistent with static sciatic index (SSI) values. Action potential amplitudes
of Group IV (PCL tube+ES mat+SCs) displayed partial recovery. And newly rejoined
axons had conduction velocities almost comparable with the controls showing that
SCs improved recovery despite the presence of the mat. Tubes having gelatin-PHBV
mats (Group III) did not show any significant improvement. Mats may not be properly

placed in the PCL tube due to their thin nature which caused this problem.
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Figure 3.39. Electrophysiological measurements of in vivo studies on D28. A) Amplitude (%) and B)
Nerve conduction velocity values of different groups. Statistical differences (* p < 0.05, **p < 0.01,
***p <0.001, ****p < 0.0001) are indicated.

3.6.5. Histological Analyses

Histological staining with hematoxylin and eosin, and Masson’s trichrome were
performed to study the integration of the scaffolds into the nervous tissue and to assess

the inner architecture of the nerve guides such as placement of the mats.
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3.6.5.1. Hematoxylin and Eosin (HE) Staining

Hematoxylin is a dark blue stain which is basic positive. It binds to basophilic
substances such as DNA and RNA, which are acidic and negatively charged (Fischer
et al., 2008). Eosin is a red stain which is acidic and negative. Therefore, it binds to
acidophilic substances such as positively charged amino acid side chains such as
lysine, arginine. In hematoxylin and eosin staining, hematoxylin stains the nucleus
(purple) and eosin stains the cytoplasm (pink) of the cells. Hematoxylin-eosin staining
results in Figure 3.40 showed that tissue was distrupted and there was an irregular,
improper, slight tissue formation when there is no implant. On the other hand, there
was no significant tissue damage around implants and there was a significant tissue
growth around and inside the PCL tube in all implanted samples. Fibrous tissue growth
and blood vessel integration were observed around all implants. Blood vessels were
extensively seen particularly in the presence of Schwann cells. The axonal growth was
observed especially in groups of PCL tube both with and without electrospun mat.
However, more specific types of staining are needed for the identification of the nerve

tissue.
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Figure 3.40. Hematoxylin and Eosin staining of the A-C) Control, D-F) Group I, G-I) Group 11, J-L)
Group III, and M-O) Group IV on D28.

3.6.5.2. Masson’s Trichrome (MTC) Staining

Trichrome staining differentiates the collagen fibers of the ECM from the other types
of structures such as epithelial tissue, muscles, parenchyma (Carriel et al.,
2014). Masson's trichrome (MTC) is the most common trichrome method in pathology

and muscle histology. It is occasionally used for the histological analysis of peripheral
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nerve. The quality of the histology of peripheral nerve with MTC is better than HE
since it also highlights the connective tissue (Raimondo et al., 2009). In this study,

MTC was used to visualize myelin sheaths (purple-red). A thin membrane of fibrous

tissue (blue) covered the implanted nerve guides (Figure 3.41).
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Figure 3.41. Masson’s trichrome staining of the A-C) Control, D-F) Group I, G-I) Group II, J-L) Group
111, and M-O) Group IV on D28 .
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CHAPTER 4

CONCLUSION

In this study, it was aimed to produce a composite nerve guide which has inner
guidance elements to provide peripheral nerve regeneration. For this purpose, the
exterior (GelMA-pHEMA hydrogels and 3D printed PCL tube), and interior (gelatin-
PHBYV) part of the nerve guide were tested for their suitability for peripheral nerve
tissue engineering. It was found that their properties such as porosity, pore size, water
content, mechanical strength, wettability, and alignment were suitable. Both GelMA-
pHEMA hydrogels and PCL tube were studied under in vitro conditions, and they
supported Schwann cell attachment and proliferation. PC12 cells were seeded on
gelatin-PHBVS aligned fibrous mats, and cells aligned themselves along the fibers.
Then, these two structures (3D printed PCL tube and gelatin-PHBV mats) were
combined together to produce a whole nerve guide structure. Gelatin-PHBV aligned
fibrous mats were rolled into a tubular shape and put into the 3D printed PCL tube.
SCs were seeded on the outer PCL part, and PC12 cells were seeded on the inner
gelatin-PHBYV part. Cell attachment and proliferation on the nerve guide was quite
good over three weeks. Differentiation of PC12 cells was observed on gelatin-PHBV
fibers with the increased expression of neuronal markers. /n vivo studies were
conducted with different types of nerve guides. Significant improvements in terms of
functionality and conductivity were observed with the groups having 3D printed PCL
tube and PCL tube, gelatin-PHBV mat, Schwann cells. Histological studies showed
the integration of these nerve guides into the nervous tissue which proves the
biocompatibility of the guides. In conclusion, these developed nerve guides have a

high potential for the treatment of peripheral nerve injuries.
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B. EQUATION FOR ALAMAR BLUE CALCULATIONS

_ ((8 OX)XZX A}\,l) - (( € ox)ll XA A2

= 100
((& rea)r X A,) — ((€ rea)rx A'1,) *

Percent Reduction (%)

A= 570 nm A2 =595 nm

(g, = 117.216 (&red)r, = 155.677

(eox)n,= 80.586 (&red)n,= 14.652 where,

A= Absorbance of the test well, at A;= 570 nm

Ay,= Absorbance of the test well, at 1> = 595 nm

A’),= Absorbance of the negative control (blank), at A;= 570 nm and

A’),= Absorbance of the negative control, at A = 595 nm.
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C. CALIBRATION CURVES FOR ALAMAR BLUE ASSAY

SCs P8 Alamar Blue Calibration Curve
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SCs and PC12 Alamar Blue Calibration Curve
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