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Abstract

Engineered tissue acts as temporary construct that will be gradually replaced as
the cells populate and remodel their own surrounding matrix. Laden with various cues,
extracellular matrix (ECM) is cell-instructive in nature. The crosstalk between cells
and ECM is, however, complex and still not emulated well by artificial scaffold due to
the challenges in conferring the whole spectrum of cues. One of the challenges is to
bestow chemotactic concentration gradient to implantable scaffold. The benefit is clear
as cells naturally use chemotactic concentration gradient as guidance in migration and
other directional processes such as neurite outgrowth. It has therefore become the aim
of this project to bring this underutilized powerful factor into biomimetic electrospun
fibers. We have established the methods of incorporating concentration gradient of
nerve growth factor (NGF), as an example, into poly(e-caprolactone)-poly(ethylene
glycol) nanofibers by coaxial electrospinning. The existence of the gradient was
verified qualitatively and quantitatively. Furthermore, we demonstrated the
cytocompatibility of the scaffold, released NGF bioactivity, and cellular response to
the encapsulated NGF concentration gradient with PC12 cells.

In contrast to the use of synthetic polymers, harnessing the benefits of natural
materials is more difficult. Lack of appropriate crosslinking technique for these
hydrogel materials that could support endowed chemotactic cues necessitates the
development of a new method. In attempt to address this issue, we directly
encapsulated microbial transglutaminase (mTG) enzyme into electrospun gelatin fibers.
The enzyme retained its catalytic capability, at least partially. We have also identified
key crosslinking condition that allows the structure of majority the fibers to be

preserved at physiological condition for prolonged period. Although the result is

1AY



encouraging, it is still not suitable yet to have chemotactic concentration gradient
implemented. In summary, we have successfully incorporated chemotactic
concentration gradient into implantable electrospun nanofibrous scaffold and
developed a promising novel method of crosslinking gelatin electrospun fibers by

using mTG.
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1 Introduction

1.1 Motivation

Loss of function of organ or tissue due to various causes such as accidents is
often unavoidable. Even though the body has inherent albeit limited regeneration
capability, this commonly leads to debilitating condition. In restricted cases,
allotransplantation and xenotransplantation are still the gold standard in remediating
the situation. Nevertheless, both options greatly suffer from limited supply, potential
morbidity at donor site and especially for the latter; it may be further exacerbated by
adverse immunorejection. Such concerns urge the search for other source of
replacement tissue or organ. Growing new tissue or organ, once perceived as an
inconceivable idea, is a particularly attractive and intuitive alternative. Tissue
engineering, with its current state of development, has promisingly demonstrated the
feasibility of such idea.

In tissue engineering, to engineer an artificial tissue construct that perfectly
replicates the performance and functionality of native tissue is the ultimate goal. In
practice, tissue engineering is interdisciplinary, drawing and mashing up knowledge
from other related fields, such as materials science, scaffold design and fabrication,
and cell biology. Although the monumental advance in relevant fields in the last few
decades have helped in yielding various ways of fabricating engineered scaffolds, there
is yet no ideal formulation or method of producing the perfect replica.

The main challenge lies on the dauntingly complex dynamic interaction
between cells and their surrounding. Although this has been under progressively

intense research, the mechanism underlying how cells perceive and translate these cues,




individually and in conjunction with others, is still largely unascertained. Cells are
indispensable main biological building block and their surrounding environment
provides myriad of extracellular cues that governs cellular fate and function. These
cues come from many physical and chemical facets of extracellular matrix (ECM) such
as topographical feature, mechanical properties, cell-cell interaction, presence of both
bound and soluble bioactive chemical and their distribution in varying time and space.

In recent years, wealth of research has established that ECM assumes more
functions rather just being a mere anchor or support structure. This riveting finding has
in fact fostered the design philosophy that centered on mimicking the native ECM of
interest. Another equally important concept is the availability of certain bioactive
chemicals such as growth factors and cytokines that promotes beneficial action. Such
notion has been ubiquitous in implementation through encapsulation and release of
bioactive chemicals in sustained manner over prolonged period. Not only restricted to
those bioactive chemicals typically secreted by cells, synthetic drugs, and genes (RNA
and DNA) have also been successfully incorporated and delivered. The least often
mentioned and explored is probably spatial distribution of bioactive chemicals in the
form of concentration gradient. These concentration gradient, both of substrate bound
and diffusible molecules, provides directed cues associated with many cellular
functions such as cell movement and migration, and directed cellular projection like
neurite outgrowth.

In engineering the scaffold it is important to multiple design aspects such as
material, mechanical properties, architecture, and delivery of bioactive chemicals, into
consideration. However concentration gradient, more often than not, is an exception

despite its robust prowess. Lack of reliable method of integrating concentration




gradient into implantable scaffold, with chemotactic concentration gradient in
particular, is the major hurdle.

From many established fabrication methods, fibrous scaffold made by
electrospinning has received much interest in recent years. The ability to produce
fibers in similar scale as ECM’s fibrillar components is the most focal advantage
among many others. 7ogether with wide range of materials that can be processed and
its flexibility, electrospinning is chosen as the fabrication method in this project.
Providing chemotactic concentration gradient for extended period requires the
encapsulated bioactive chemicals to be released in sustained manner. This prerequisite
is another important consideration in establishing the incorporation method apart from
the method to confer the gradient.

Natural and synthetic biomaterials have their own advantages and
disadvantages in their implementation. Given the inherently different properties, the
approach taken to integrate the concentration gradient may be different. While
synthetic materials are easier to electrospin, natural materials typically offer much
superior bio and cytocompatibility. These natural materials however need to be
crosslinked in order to increase their mechanical properties and decrease their
solubility in water. Though there are a few methods of crosslinking electrospun fibers,
none are deemed to be ideal in attempt to impart diffusible bioactive chemicals or
chemotactic concentration gradient. To prevent significant lost of encapsulated
concentration gradient, it is important to have the crosslinking done in sifu or in the
absence of liquid medium. Concerns about toxicity and efficacy of the crosslinking
procedures are other significant drawbacks of currently available techniques. Hence
for natural materials, it is essential to first find an appropriate in situ crosslinking

method without incurring toxicity to cells.




1.2 Objectives

The purpose of this project is to explore the feasibility of incorporating
concentration gradient of bioactive chemicals into electrospun fibers, both made of
natural materials and synthetic materials. Since crosslinking is of great consequence in
the effort of endowing chemotactic concentration gradient to natural materials, the
development of new method to overcome the limitations inflicted by current practices
is imperative. We have identified such potential method. A preliminary and qualitative
study investigating the method was conducted before deciding whether the
concentration gradient can be imparted subsequently. In particular, there are two
specific aims.

The first specific aim of the project is to investigate the electrospinning and
crosslinking of gelatin electrospun fibers loaded with microbial transglutaminase
(mTG) enzyme. Firstly, the feasibility of electrospinning gelatin with mTG and the
impact on electrospinning process and physical characteristic of the resulting fiber
such as surface morphology and fiber diameter was investigated. Next, the efficacy of
the crosslinking method was assessed. The stability of the fibers at physiological
temperature and the post crosslinking structure were the two main characteristics
examined. Different variables that may impact the crosslinking condition were also
investigated to find the optimum crosslinking condition.

The second part of the project focuses on the use of bio- and cytocompatible
synthetic material. Optimization of the coaxial electrospinning process is not
elaborated in details as the concepts have been elucidated well in many other
publications and it varies from one system to another. Method of incorporating
chemotactic concentration gradient and the effect of imparting such gradient to the

stability of the electrospinning process and the resulting fiber morphology were




established and analyzed. Subsequently, the existence of the encapsulated
concentration gradient was showcased quantitatively and qualitatively. Lastly, the
effect of NGF concentration gradient and the scaffold’s cytocompatibility was

demonstrated by directly seeding PC12 cells onto the electrospun fibers.

1.3 Report scope and outline

Chapter 1, the introduction, gives a concise account on the importance of tissue
engineering, current adopted approaches and their limitations, and specification of the
problem. Departing from this, the main idea that drives this project is elucidated.
Specific objectives were laid out in the subsequent part. Lastly, scope and outline
subsection briefly descriptively narrate the organization of this report.

Literature review in chapter 2 provides the basic and the reasoning of the
general approaches taken in this project. Due to the interdisciplinary nature of tissue
engineering and the enormous amount of information available, only more relevant
concepts such as the relation between concentration gradient and neurite outgrowth,
electrospinning, crosslinking of gelatin fibers and the use of mTG are elaborated more
thoroughly.

Chapter 3 and 4 describe in detail the materials, experimental methods, results,
discussion and conclusion of each sub-project aimed to fulfill first and second specific
aim respectively. Next, in chapter 5, the results and their significance to the project in
overall are briefly concluded. The potential application and direction of further

research are proffered as well. Lastly, all the references are listed in Chapter 6.




2 Literature Review

2.1 Chemotaxis and haptotaxis in directing neurite

outgrowth

Chemotaxis and haptotaxis are cellular behavior associated with directed
motility or cellular projection in response to presence of graded distribution of
diffusible and surface-bound extracellular bioactive molecules respectively. This
graded distribution in concentration gradient format plays an important role in
regulating cellular behavior and function. It has been well documented that the
concentration gradient of bioactive molecules serves as guidance cues for cell
migration, cell homing, morphogenesis, and neurite projection [1-8].

Nervous tissue is a prime example where concentration gradient is integral for
development and function. In nervous tissue, the functionality is largely determined by
the accurate specification of neurons and their target and the formation of orderly
arrangement within the neuronal networks. It is therefore, in addition to mere growth
and extension of neurites, direction to which the neurites are developed is another
crucial factor, especially during the developmental and regeneration stage. Acting as
guidance cues, these concentration gradients help the neurites to navigate to their
target region and form contact with their appropriate postsynaptic partners. In case
whereby nerve injury occurs, reestablishment of the connection in the same order prior
to the injury is imperative to ensure functional recovery. These guidance cues can

work either haptotactically or chemotactically, and work at either long or close range.




In vivo, such concentration gradient may be created by secretion of diffusible
cues from distant source or by differential expression of non-diffusible cues bound to
extracellular matrix (ECM). For a long neurite projection, a more complex guidance
mechanism is required. In this case, the guidance is often assisted by intermittent
short-range guidance cues positioned en route. The concentration gradient based
regulation and guidance may involve a wide range of bioactive molecules.
Neurotrophic factors, ECM associated molecules such as laminin, and some other
protein families such as netrins, ephrins, semaphorins and slits, have been identified to
be chemoattractant, encouraging neurites growth towards increasing concentration.
Some other bioactive molecules, chondroitin sulfate proteoglycans (CSPGs), myelin
associated glycoprotein (MAG), and Nogo-Am for examples, have antagonistic action,
inhibiting the progression of neurite growth along their path [1, 3, 9-26]. In some cases,
these bioactive molecules may also evoke bifunctional signals by being attractant to
some type of neurons and repellent to others [18-22, 24-26]. Netrin, for example,
promotes and guides the outgrowth of commissural [24] and retinal neurites [25] but
proved to repel that of oligodendrocyte precursor cells in the embryonic spinal cord
[26]. Varying in time and space, the orchestration of both attractive and repulsive cues
guide the neurites along their designated path.

The extension and navigation of the neurites are helmed by a growth cone
located at the tip of each neurites. Growth cone is a specialized amoeboid structure
particularly sensitive to extracellular cues such as topography and concentration
gradient of diffusible or surface-bound bioactive molecules. When exposed to
concentration gradients, the extent of asymmetric occupancy of receptor for each
particular guidance cues determines the decision to grow towards the concentration

gradient or turn away from it. Several studies have shown that even shallow




extracellular concentration gradient can be converted into steeper gradient
intercellularly or compartmentalized signals inside the growth cone through the
generation of secondary messenger [27-29]. Disassembly and reconstruction of
cytoskeleton at the growth cone soon follow in quick succession. In fact, the alteration
in growth direction can be realized within minutes upon exposure to concentration
gradient. In their study, Gundersen, R.W and Barret J.N subjected growing axons of
chick dorsal root ganglion (DRG) neurons to diffusible NGF administered directly
from a micropipette. The axons realized a positive turning response towards the NGF
source within the course of 9-21 minutes [30]. Such a quick response is attributed to
the capability of developing axons to locally translating protein in the growth cone
[31-33]. This feature is indispensable as local translation enables the growth cone to
promptly interpret guidance cues and responds correspondingly, especially to temporal
chemotactic cues.

From in-vitro studies, the difference between the effect of concentration and
concentration gradient has been clearly highlighted. The efficacy of the concentration
gradient as guidance cue is more prominently determined by the gradient steepness
rather than the concentration. In the analysis of diffusible NGF concentration gradient
in their hydrogel setup, Cao, X., and Shoichet, Ms., found that gradient with a
minimum of 133ng/ml/mm is required to effectively direct the neurite outgrowth from
PC12 cells [34]. In their subsequent study this minimum concentration gradient
threshold could actually be lowered to 80ng/ml/mm in the presence of equally steep
gradient of neurotrophin-3 (NT-3) [12]. This study also indicates the possibility of

enhancing the efficacy through synergistic effect of multiple concentration gradients.




2.2 Nerve growth factor

NGF belongs to the family of neurotrophin, a sub class of neurotrophic factors.
Neurotrophic factors in general has a wide range of roles ranging from the
contradictory action of promoting survival and selective cell death, maintaining
cellular function to inducing differentiation and development of neuronal progenitor
cells into neurons. Sharing a high degree of structural homology, neurotrophin family
is comprised of NGF, NT-3, neurotrophin-4/5 (NT-4/5) and brain derived neurotrophic
factor (BDNF). Nevertheless, these neurotrophins differs in their target specificity,
membrane receptors, and distribution both spatially and temporally. Consequently,
each of these neurotrophins may be preferentially more influential for different types
of neurons and may play different role along the development path [35-37].

There are two receptors class for these neurotrophins, the low-affinity p75
neurotrophin receptor (p75NTR) and the high-affinity tyrosine kinase receptor (Trk).
The tyrosine kinases receptors are consist of 3 subtypes, TrkA, TrkB, and TrkC. While
all neurotrophins can bind to the p75NTR, NGF selectively binds only with TrkA,
BDNF and NT-4/5 with TrkB, and NT-3 with TrkC. The action of Trks signaling is
typically associated with survival and differentiation. On the other hand, the effect of
the stimulation of p75NTR, depending on the context of the cells, may either promote
survival or lead to apoptosis [38-40]. For instance, motor neurons (motoneurons) do
not express TrkA receptors, hence their survival and function are regulated by other
neurotrophins. The binding of NGF to p75NTR under the presence of nitric oxide
would induce motoneuron apoptosis [39, 41, 42].

NGF is critical to maintain the survival and function of sympathetic and
sensory neurons. In developmental stage, NGF is expressed and secreted by post-

synaptic cells (target cells) to guide the neurite growth and promote maturation of pre-




synaptic cells. It has also been reported that in the case of injury, the expression of
NGF and its associated receptor are upregulated in neurons and glial cells. Other than
being neuroprotective, elevated expression of NGF at the distal end encourages
directed neurites growth in the renervation effort [43]. While the level of NGF directly
dictate the survivability of neurons, the NGF produced in vivo is in a minute quantities
by the target cells and directly proportional to the innervation density [44].

PC12 cell, a cell line derived from rat sympathetic nervous system, is the
standard in assessing the bioactivity of NGF in vitro. Greene, et al., found that PC12
cells, when cultured under serum-free condition underwent apoptosis upon withdrawal
of NGF [45]. Furthermore, NGF also triggers the differentiation of PCI12 cells,
evidenced by the elongation and branching of neurites [45] and orients the neurite
outgrowth towards positive concentration gradient [46-48]. This guidance effect
elicited by concentration gradient of neurotrophic factors has been replicated in many

in vitro studies, chemotactically [46, 49-53] as well as haptotactically [47, 54-56].

2.3 Integration of concentration gradient into engineered

scaffold

The substantial role of concentration gradient has spurred many research
efforts in attempt to integrate it into engineered scaffolds. The choice of method to
generate the gradient, however, depends much on whether the concentration gradient is
intended to invoke response haptotactically or chemotactically, the material used, and
the route of which the scaffold is fabricated. A number of methods have been
established to generate concentration gradient such as diffusion-based [12, 34, 57],

pulsatile injection [46, 58], flow based [59-61], inkjet printing [62, 63], spatially
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differential crosslinking [54, 56, 64] and adsorption [65]. Linear gradient maker is the
simplest embodiment of flow-based method where two solutions with variable ratio
are mixed and channeled out from single outlet.

To harbor the bioactive chemicals onto the surface, differential adsorption and
immobilization are commonly adopted approaches [54, 56, 64, 65]. The bulk material
can also be mixed with the bioactive chemicals and passed through a linear gradient
maker prior to crosslinking process to create a graded distribution of immobilized
molecules within the matrix [47]. Bioactive chemicals immobilized within PEG
hydrogel microspheres with different buoyancies have also been used to create
gradient scaffold [66]. The latter, however, presents a step-wise gradient rather than
continuous gradient as can be obtained through the use of linear gradient maker.

Presenting concentration gradient of diffusible bioactive chemicals pose
another challenge that the gradient needs to be maintained temporally to be within its
therapeutic window. In comparison with immobilized concentration gradient, there are
fewer methods apt for this purpose. Setups using microfluidic system can provide
precise concentration gradient control, but this method is not easily scalable and
integrated into any implantable scaffold [60, 61]. Moore et al., using a hydrogel
sandwiched between two reservoirs with different concentration of NGF, have
successfully created a stable and defined concentration gradient of NGF [12, 34].
However, without the continuous exposure to both reservoirs, the concentration
gradient could diminish relatively quickly. Another method is to incorporate another
delivery vehicle, such as microspheres, in the scaffolding material and adjust its spatial
distribution within the bulk construct. Wang, X., et al. mixed silk microspheres

encapsulating growth factors with alginate and using linear gradient maker to vary the
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microspheres density prior crosslinking [67]. In such setup, the released amount and

their gradient would be a direct function of microspheres density.

2.4 Electrospinning

2.4.1 Electrospun fibers as artificial scaffold

Natural ECM comprises of interconnected protein fibrils and fibers interwoven
within a hydrated network of glycosaminoglycan chains. Fibers in similar scale
mimicking ECM fibrillar component is particularly interesting as tissue construct.
Compared to other fibers fabrication methods, the appeal of electrospinning owes to its
simplicity and versatility in producing fibers in micro- and nanometer regime, which is
in similar geometric scale with ECM fibrous components. In addition, due to their
small scale and shape, electrospun fibers exhibit much larger specific surface area.
Larger surface area allows more anchorage point for cell attachment and higher degree
of surface functionalization such as modification in surface physiochemical properties,
and bioactive molecules adsorption or immobilization.

Apart from their scale advantage, electrospun fibers have highly interconnected
pores to mediate mass transport, possibility of tuning the mechanical properties,

modification of their physiochemical properties, and easily biofunctionalized.

2.4.2 Process and underlying parameters

The electrospinning process itself is fairly simple. The basic setup requires
only a pump to deliver the solution, a high voltage supply and a collector (Figure 3).
Upon the application of sufficiently high voltage, the charged polymer droplets

overcome the surface tension and assume a conical shape, from which a stream of
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polymer jet then emerges. This cone is also known as Taylor cone. As the jet travels,
the evaporation of solvent takes place causing the electrical charges to move to the
surface. After covering short distance, this increasing repulsion forces in turn create
instability and forcing the jet to experience a random whipping process. The polymer
solution follows spiral trajectory along the electric field until the fibers are deposited
on the collector. During the random whipping phase, the polymer solution elongates
and solidifies [68-72].

A number of factors govern the electrospinning process and influence fiber
diameter and morphology. These factors are categorized into factors that alter the
solution properties and operating parameters. Concentration, polymer’s molecular
weight, type and mixture of solvents used, and inclusion of any other additives alter
the conductivity and viscosity of the solution. The operating parameters cover the
applied voltage, flow rate, tip to collector distance, and collector rotating speed. All of
the above-mentioned factors need to be optimized in order to attain fibers with uniform

size and morphology [72-74].

2.4.3 Selection of materials

The array of materials that can be electrospun is almost as extensive as the
commonly available biomaterials and the list keeps on expanding, especially those of
natural and synthetic polymers. The selection over which materials to use is subjected
to the required mechanical properties and the surface physiochemical properties of the
desired scaffold. Natural materials often have lower mechanical strength while
typically offering superior cytocompatibilty and biocompatibiltiy compared to
synthetic materials. In order to get the scaffolds with the right mechanical properties,

cytocompatibiltiy, and biocompatibility features, it is a common approach to have a

13




blend of two or more materials. The blend may be among synthetic materials, natural
materials, and combination of natural and synthetic materials. To address the
mechanical properties and elasticity drawbacks, crosslinking process proves to be
indispensable for natural materials. The degree of improvement, however, positively
correlates to the degree of crosslinking. This controllable attribute creates the
feasibility to fine tune the mechanical properties of the scaffold to match that of native
tissue being replaced.

Materials of nature origin that has been widely used are gelatin [75-80],
poly(saccharides) [79, 81-84], silk [85, 86], and materials derived from extracellular
matrix such as collagen [87-91] and fibrinogen [92, 93]. While for synthetic material,
the ubiquitous polymers are the most extensively used material due to their broad
variety and versatility in modification. Among the most commonly used polymers are,
poly(ester) family such as poly(lactic acid) [94-96], poly(glycolic acid [97, 98],
poly(caprolactone) [99-104], poly(phosphoester) [105-107], and poly(ether) such as
poly(ethylene glycol) [108, 109]) and poly(ethylene oxide) [110, 111]. Ceramics
[112-117] and other strengthening component such as carbon nanotubes [117-120]

have also been made as component.

2.4.4 Coaxial electrospinning

Coaxial electrospinning is a modified electrospinning process that uses two
concentric spinnerets to simultaneously deliver two solutions to be spun concurrently
(Figure 3b). As the result of such arrangement, the spun fibers exhibit distinct core-
shell fiber structure. The main advantage of coaxial electrospinning compared to
conventional uniaxial electrospinning is the feasibility of encapsulating non-

electrospinnable materials. Nonetheless, the non-electrospinnable materials have to be
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the core since it is still paramount for the shell materials to be electrospinnable in
nature.

The optimization of coaxial electrospinning process is considerably more
complicated compared to uniaxial electrospinning. In addition to all aforementioned
factors, one has to further consider the difference of core and shell solution properties
respectively and the ratio of both shell and core solutions flow rate. Several
researchers have proposed the underlying process on how such core-shell fibers are
created. It is hypothesized that the core solution is dragged by the shear stress
generated at the interface of the solution [116, 121, 122]. Hence, naturally the shell
polymer solution has to be more viscous than the core solution. The formation of
double Taylor cone can be readily observed during stable electrospinning process.

Some researchers have suggested that in order to get distinct core-shell
characteristic, it is a prerequisite for the shell and core solutions to be immiscible [116,
123]. However, some other studies have shown that in fact miscible solutions could
also be used given that the viscosity of both shell and core solution are substantially
different [121, 124]. The degree of mixing between the core and shell solution could
become a chief concern as extensive mixing may imparts instability in the spinning
process. The occurrence and the extent however are limited by the short contact period.
The residence time of solutions in the Taylor cone is estimated to be in the order of 1s,
while the characteristic time of random whipping phase is around 1 ms. As a
comparison, the characteristic time of diffusion on a sharp boundary is significantly
larger than that of random whipping phase but still smaller compared to residence time
in the Taylor cone [121, 125]. This evidence suggests that the mixing, if there is any,

occurs primarily in the Taylor cone.
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In their application, coaxial fibers made from nature material shell and more
rigid core material can avoid compromising the cytocompatibility while offering
enhanced mechanical properties [126-128]. Moreover, coaxial electrospinning is
increasingly pursued for creation of hollow fibers [113, 116, 122, 123], encapsulation

of drugs [129-134], cells [135, 136], bacteria [137], and genes [104, 138, 139].
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Figure 2.1. Schematic diagram of (a) uniaxial electrospinning and (b) coaxial electrospinning.
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2.4.5 Bioactive molecules delivery from electrospun fibers

The versatility of electrospinning is not limited to only modification of fibers
morphology or structure. The most interesting appeal of electrospinning may well be
the ability to incorporate other additives such as bioactive molecules, carbon
nanotubes, etc. As the result, delivery of bioactive molecules has been a ubiquitous
functionalization of electrospun fibers. A wide variety of bioactive molecules has been
successfully encapsulated and delivered, including proteins (for instance, growth
factors [91, 105, 106, 131, 140, 141], and enzymes [142-145]), genes (for instance,
viral gene [138], non-viral gene [104], DNA [139, 146], and short-interference RNA
[147-149]), and drugs (for example, paclitaxel [150], ibuprofen [151], ketoprofen
[152], doxorubin hydrochloride [153], vitamins [154] and antibiotics [155, 156]).

These bioactive molecules can be loaded before or after the fibers are created.
Under the former category, bioactive molecules are usually added into polymer
solution and then processed through uniaxial or coaxial electrospinning. Such
incorporation can be easily done by blending the desired additives directly into the
polymer solution [105, 106, 141-145, 147-160]. It is not necessary to have the
additives dissolved in polymer solution as the additives may also come in suspended
solid [161, 162] or emulsion [144, 145, 147, 153, 160, 163, 164]. While for post fibers
production, these bioactive molecules can be loaded via absorption or harbored onto
the surface through adsorption or crosslinking [64, 65, 118, 146, 165]. These different
techniques are usually distinguished by their purpose. Functionalization via adsorption
or crosslinking, for example, is more apt for application where the signaling is
designed to come from surface bound bioactive molecules. On the other hand,
absorption and direct incorporation in polymers solution are more geared toward

delivery of diffusible bioactive molecules.
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The release of bioactive molecules from electrospun fibers is generally found
to be in sustained release manner. Sustained release of bioactive molecules from
implant scaffolds has a great benefit for in vivo application. Not only the bioactive
molecules are delivered locally, such long period availability also reduces the need to
frequently change or administer the required bioactive molecules via other systemic or
local route such as oral or injection. The rate of which bioactive molecules are released
can be and need to be tailored and fine-tuned for each different bioactive molecule to
be within the therapeutic level.

The release kinetic profile of bioactive molecules from electrospun fibers is
highly dependent on the nature and interaction of the bioactive molecules and the
polymer, and on which incorporation route pursued. When the drugs are directly added
into the polymer solution and processed through uniaxial electrospinning, the bioactive
molecules are typically uniformly distributed in the fibers. Another favorable approach
is to have the bioactive molecules to be encapsulated inside the fibers via coaxial
electrospinning. In this case, the bioactive molecules ideally are only located at the
core of the fibers. This is particularly attractive for growth factors or other protein
based drugs that are prone to degradation by exposure to harsh organic solvents often
used in electrospinning. The only exposure would only be at the core shell interface
during the electrospinning process.

Burst release of the encapsulated bioactive molecules is a prevalently observed
phenomenon. It is due to the release of bioactive molecules that readily present on the
surface upon contact with medium. While the core-shell format closely resembles
reservoir-type of drug delivery system that characteristically has no burst release,
many published studies have indeed reported such observation [104, 130, 132, 134].

This could possibly be caused by possible mixing or migration of the molecules to the
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shell area during the spinning process. Compared to uniaxial electrospinning technique,
the core-shell structure does suppress the extent of burst release [132].

Subsequent release of the remaining bioactive molecules requires the bioactive
molecules to diffuse out from the fibers and regulated by the extent of the diffusion
speed and the rate of which the fibers material degrade. When relatively fast degrading
materials such as PLA or lightly crosslinked polymer were used, the release of the
bioactive molecules can be primarily credited to bulk material degradation. However,
when slow degrading materials are used, diffusion is the key driving force [166-168].

Controlling the release kinetic is another crucial factor in designing such
bioactive molecules loaded scaffolds. For electrospun fibers, the use of co-polymers or
blend of polymers, changing the extent of crosslinking to adjust the degradation rate
and the use of porogens are widely adopted approaches to achieve such control [138,
140]. Porogens are usually easily water-soluble polymers or salts. Leached porogens
create pores that help to accelerate the release of bioactive molecules from inside the
fibers. Furthermore, the consequential porous structure speed up the degradation of the
bulk material, thus allowing molecules entrapped within the polymer matrix to diffuse
out.

In contrast to surface bound molecules where modulation of spatial distribution
on fiber surface has been described [64, 65, 118, 165], thus far works with diffusible
molecules have only been confined to their encapsulation, bioactivity upon release,
and empirical evaluation of their release kinetic [105, 106, 141-145, 150-153, 155-
160]. For the first time, we showed the possibility of introducing such spatial
distribution to diffusible factors in electrospun fibers. The distribution of protein
encapsulated in the core of coaxial fibers was tailored to be in concentration gradient

format [169].
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2.5 Use of electrospun fibers for neural tissue engineering

The use of electrospun scaffolds holds great promise in nerve tissue
engineering, largely supported by the encouraging findings about neurons and glial
cells behavior towards the fibrous architecture. Past research works has established
that fibrous architecture provides the contact guidance cue for enhancement of neurite
outgrowth, proliferation, differentiation and maturation [106, 170-181]. Variations
such as cell type, alignment, fiber diameter, porosity, availability of bioactive
chemicals such as growth factor and their spatial distribution and choice of material
may affect the dynamics of neurite outgrowth and stem cell differentiation.

Fiber alignment has been found to be influential in promoting and guiding
neurite outgrowth. When dorsal root ganglia (DRG) explant is cultured on random
fibers, the neurites radiate from the explant forming a circular shape without any
preferential direction. In contrast, on aligned fibers, the neurites emanate radially at the
start but the projections parallel to the alignment grow faster thereby assuming
elliptical shape [170, 171, 182, 183]. In one of the studies, compared to random fibers,
highly aligned fibers increased the rate of outgrowth by 20% [171]. Other than DRG,
similar observation has also been noted on embryonic hippocampal neurons [176],
primary spinal motor neurons [184, 185], primary sensory neurons [185], PC12 cells
[174, 186]. These neurons preferentially orient themselves with significantly longer
neurite outgrowth along the fiber alignment.

Contact guidance cue provided by fiber alignment seems to exhibit the same
effect on glial cells such as astrocytes and Schwann cells as well. Schwann cells
migrated from DRG explant faster in the same direction as the fibers in tally with the
extending neurites [171, 183]. In another piece of study, aligned fibers have been

shown to enhance the maturation of Schwann cells [180]. On further note, with

21



astrocytes seeded on aligned fibers as feeding layer, the aligned morphology of the
astrocytes helped to direct neurite outgrowth and cell migration from DRG explant
[170]. These evidences show that the information of topographical cue can be
communicated indirectly via cell-cell interaction. In addition, positive effects on
Schwann cells are absolutely favorable for nerve regeneration as axon myelination is
critical for signal transduction. Aligned fiber topography apparently benefits the
differentiation of stem cells towards neuronal lineage too. Differentiating
mesenchymal stem cells (MSCs) [178] and embryonic stem cells [187] on aligned
fibers, compared to on random fibers, increased the expression of neuron-specific
intermediate filaments.

Other than alignment, a few studies have also pointed out the effect of fiber
diameter on the dynamic of cellular behavior. Being similar in scale with ECM
fibrillar component and the cell itself, difference in fiber curvature may change the
way cells perceive the surrounding. For instance, in Christopherson, et al. work,
neuronal stem cells have 20% increased proportion towards neuronal lineage on
749nm fibers compared to 283nm and 1452nm fibers and 40% increase towards
oligodendrocyte differentiation on 283nm fibers [179]. In another study, the neurite
extension from DRG on 293nm fibers is 42% and 36% shorter than those on 759nm
fibers and 1325nm fibers respectively [181]. However, the difference in diameter does
not seem to have significant effect in Schwann cell migration [181].

Echoing the results of in vitro studies, in vivo implantation of electrospun fibers
following nerve injury supports higher renervation and functional recovery [106, 183].
Kim et al., implanted both random and aligned poly(acrylonitrile-co-methylacrylate)
(PAN-MA) to bridge peripheral nerve defect, without any incorporation of growth

factors. The regeneration were significantly augmented by aligned fibers, but not with
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random fibers [183]. In another piece of study, Chew et al. compared the performance
of tubes made of plain aligned poly( ¢ ocaprolactone-co-ethyl ethylene phosphate

(PCLEEP) fibers, aligned PCLEEP fibers with encapsulated BDNF, and smooth
PCLEEP without any topographical cue for peripheral nerve regeneration. A number
of indicative measures of successful regeneration such as axon myelination, nerve
cross-sectional area, and ratio of axon diameter and myelinated fibers demonstrated
the benefit of fibrous topography. While no functional recovery was noted for smooth
tube, with only the plain fiber, 20% of the rats regained functional recovery. The
chance of recovery was further bolstered to 44% when sustained release of GDNF was
provided through encapsulation [106].

There are many influencing factors that takes part in restoring functional
recovery. Although reported in vivo studies are still limited, these studies has
elucidated the beneficial impact of fibrous topography, especially highly aligned fibers.
Other than the inclusion of sustained delivery of drugs, other factors such as the effect
of fiber diameter, and concentration gradient have not been tested out yet in vivo.
Definitely, this warrant further close investigations as these factors may bring further

improvement as it has been conclusively evidenced in in vitro studies.

2.6 Crosslinking of gelatin electrospun fibers

There are many established methods of crosslinking biopolymer but only a few
have been successfully applied on electrospun fibers. The inabilities to preserve the
fibrous morphology and interconnected pores have been specifically cited as the
drawbacks. These methods can be commonly classified into two categories based on
the need of having auxiliary agent usually termed as crosslinker. The first category is

known as physical methods because it does not involve any crosslinker and relies on

23



physical treatment. On the other hand, the second methods, chemical method requires
crosslinker.

Physical crosslinking can be achieved by dehydrothermal treatment (DHT), UV
radiation, and use of plasma cleaner. DHT method employs low pressure (~0.05 bar)
and high temperature (120-140°C). The degree of crosslinking of gelatin fibers via
DHT is reasonably high, estimated to be about 78% [188]. Although this method can
be used to crosslink plain gelatin fibers, it becomes unfavorable when temperature
sensitive drugs or protein is encapsulated prior crosslinking. UV radiation method,
similar to other photo crosslinking, is hindered by limited penetration depth; therefore
it is not suitable for crosslinking thick scaffold. The use of plasma cleaner generates
reactive oxygen species for crosslinking. The resulting crosslinked fibers unfortunately
are not thermostable as the fibers were reported to be completely dissolved within 12
hours at 37°C[189].

Chemical method is a more commonly adopted approach to crosslink gelatin
fibers.  Vapor phase gluteraldehyde (GTA), glyceraldehyde, genipin,
ethyl(dimethylaminopropyl) carbodiimide (EDC), ethyl(dimethylaminopropyl)
carbodiimide-N-hydroxysuccinimide (EDC-NHS) have been successfully applied [75,
188, 190-195]. Adverse toxicity of residual crosslinker, byproducts and degradation
product from hydrolytic or enzymatic degradation are usually chief concerns. GTA, for
instance, although has been generally accepted to be an easy and effective way of
crosslinking gelatin fiber, it is highly cytotoxic and may induce calcification of implant
[196]. EDC facilitates interchain crosslinking within DNA. The dearrangement of
DNA impedes cytokinesis and leads to cell death [197]. The use of glyceraldehyde and

other « ehydroxycarbonyl compounds generates advanced gylation end products

(AGEs) as the byproducts. AGEs has been identified to be cytotoxic and induce
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oxidative stress and apoptosis on human promyelocytic HL-60 cells [198], rat primary
cultured neurons [199], human mesangial cells [200] and retinal pericytes [201].
Repetitive soaking and rinsing are routinely done to reduce the amount of these toxic
crosslinkers. Nevertheless, this process may incur significant lost of encapsulated
materials.

Genipin has been advocated as a less cytotoxic alternative. However, the dissolubility
of genipin in water imposes the use of organic solvent. Impregnating gelatin fibers in
water/ethanol mixture containing genipin did not preserve the fibrous morphology,
which is attributed to slower crosslinking reaction rate compared to the rate of
hydrolysis [189, 192]. Removing the water entirely seems to help. Fibers soaked in
genipin dissolved in ethanol for at least 3 days was reported to retain the fibrous shape
[192]. Another method to improve the crosslinking is by incorporation of genipin
during electrospinning. Choice of electrospinning solvents that could solubilize
genipin appears to be greatly influential. It was reported that mix of gelatin and
genipin spun out using TFE, the fibers underwent crosslinking in situ although
substantial modification of morphology was observed [195]. In contrast, gelatin with
genipin spun out from acetic acid requires further crosslinking in ethanol containing
genipin for at least 3 days [192]. Furthermore, compared to glyceraldehyde and GTA,

genipin has slower crosslinking kinetics [189].
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2.7 Microbial transglutaminase and its applications in tissue
engineering

Transglutaminases (TGs) are enzymes that catalyze covalent isopeptide bond
formation between vy becarboxamide group of glutamine and ndoup of glutami lysine

residues by acyl transfer [202]. TGs mediated crosslinked products are usually highly
resistant to thermal and proteolytic degradation due to the creation of inter- and
intramolecular bond. Tissue transglutaminase (tTGs) present naturally in body fluids
and tissue and take part in many activities, few among which are blood clotting,
keratinization, stiffening of erythrocyte membrane, and stabilization of ECM [203-
205]. In addition, intracellular tTGs has been shown to crosslink cellular protein
during apoptosis [206]. An in vitro study recently has also suggested that tTGs plays
role as regulator of chondrogenesis for mesenchymal stem cells [207].

The microbial counterpart, known as microbial transglutaminases (mTGs), is
easier to produce and works well with substrate from both animal and plant origin [202,
208, 209]. Although both mTGs and tTGs perform similar function, there are few
differences that set them apart. Compared to tTGs, mTGs are smaller in size (mTG
mW~ 38k vs. tTG mw ~88k), has less substrate specificity, independent of Ca>" and
specific proteases to activate the enzyme [205, 210-212]. Many of these differences
can be well explained by looking at the enzyme structure and amino acid sequence.
The sequence of mTGs is very different from tTGs except for its sole Cys residue,
which is crucial in catalyzing acyl transfer, and its surrounding physiochemical
environment. Another notable difference is that mTGs lack the Ca*" binding site
common to tTGs. Characterization of tTGs has revealed a very low homology among
them. However, their putative active Cys residue and Ca®" binding domain are similar

and exhibit highly conserved sequence [210]. In contrast with mTGs, the activity of
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each particular tTGs is also regulated by the availability of their specific glutaminyl
substrates. Fibrin/fibrinogen, fibronection, nidogen/ectatuin, osteonection, osteopontin,
vitronectin, collagens are some that have been identified [205].

As naturally occurring enzymes, TGs have very low toxicity as elucidated in
various studies. Bernard, B.K., et al. found that there was lack of signs of toxicity of
mTG (2839 U/g active ingredient) administered to rat at a dose of 2000mg/ kg body
weight. Moreover in the same study, the mutagenicity of mTG appears to be very low
as well based on test on various strains of Salmonella typhimurium and chinese
hamster lung cell line (CHL) [213]. In separate studies, addition of 0.05% of soluble
mTG (specific activity: 27,000 nmol putrescine incorporated/mg/h) to fibroblast 3T3
cells culture showed cytotoxicity after 72 hrs. Concentration less than 0.05%, however,
did not have significant effect compared to cells cultured on TCPS [214]. The
difference in activity of mTG used in these studies may account for the discrepancy in
reported results. The toxicity might be related to the activity mTG as well instead of
only the amount. It is also unclear whether inactive mTG could elicit any toxicity as
well. With further study, the toxicity effect can be further characterized.

The cytocompatibility of mTG crosslinked scaffolds have been verified by direct
cell culture [214-220] and cells entrapment in hydrogels subjected to in situ
crosslinking [221-224]. The entrapped cells proliferated well within the hydrogel, and
maintained their sensing capabilities [221]. Kuwakara, K., et al. used gelatin-mTG
injectable gel for in vivo cell delivery. The encapsulated cells were viable, proliferative
and their release rate from the gel could be easily varied by regulating the amount of
mTG. The use of mTG also allowed better integration of the gel with the surrounding

tissue by forming bond between gelatin and endogenous collagen [224].
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3 Microbial Transglutaminase Mediated
Crosslinking of Gelatin Electrospun
Fibers

Abstract

Crosslinking often becomes the major stumbling block in utilizing electrospun
biopolymers, especially as sustained release vehicles. Issue of architectural integrity,
crosslinking efficiency, toxicity, and harsh crosslinking condition effect on
encapsulated bioactive molecules present multitude challenges. To address these
concerns, we looked at feasibility and efficacy of using microbial transglutaminase
(mTG) to crosslink gelatin electrospun fibers spun via acetic acid. The minimum
concentration of gelatin with mTG to yield smooth fibers was found to be 25%.
Microbial transglutaminase of up to 10wt% has negligible effect on spinning process
and yield fiber with similar diameter (~400nm). Fiber size can be modulated instead by
changing acetic acid concentration (~200nm, 400nm, and 550nm from 30, 40, and
50% acetic acid, respectively). The encapsulated mTG partially retained its catalytic
function and the reaction occurred in the presence of moisture as provided by saturated
water vapor. The degree of crosslinking, however, was limited and could not prevent
dissolution at 37°C Additional crosslinking by soaking in buffer solution containing
mTG yield scaffolds with preserved fibrous architecture that lasts for up to 7 days at
physiological temperature. Though the result was positive, but further refinement is
needed to make it more suitable for imparting diffusible factors or their concentration
gradient. Overall, we showcased that the mTG can be easily incorporated into

electrospun gelatin fibers for crosslinking purpose.
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3.1 Introduction

Foreign material may invoke hostile host response and toxicity issue, giving rise
to sub-optimal performance and eventually implant failure. These negative reactions
can be minimized through the use of bio-and cytocompatible materials and mimicry of
ECM structure. Consequently, the interest in natural biomaterials for tissue
engineering often stem from their superior bio- and cytocompatibility compared to
their synthetic counterparts that can be easily capitalized on. In mimicking the ECM,
electrospinning is a versatile and powerful method to produce fibers with similar scale
to match native ECM fibrillar component.

Gelatin is natural biopolymer originated from partial hydrolysis of collagen.
Despite being less ordered and lacking the signature triple helix structure of collagen,
gelatin retains some of the functional amino acid sequences notably the integrin-
binding domain [225-227]. In practice, gelatin alone is often used as scaffolding
material or mixed with other polymers to enhance cytocompatibility or used as coating
layer to promote cell attachment. The use of gelatin instead of collagen is compelling
partly because of high tendency of collagen denaturation during scaffold fabrication.
To electrospin collagen, the use of harsh organic solvent that leads to severe
denaturation is unavoidable. The use of hexafluoroisopropanol (HFIP) and acetic acid,
for example, only preserve about 12.5% and 29% of the characteristic triple helix
structure [91]. This is clearly unfavorable, as only less than one third of the collagen
remains. On the other hand, electrospun gelatin has been shown to have no change in
structure [189].

Crosslinking process is paramount to improve gelatin’s low mechanical
strength and elasticity and lower its solubility in water. An additional requirement for

scaffolds with defined architecture such as electrospun fibers is the preservation of the
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structure detail. Among many established crosslinking methods, only a handful has
been successfully applied to gelatin fibers. This includes physical methods such as
dehydrothermal treatment (DHT) and UV radiation, and chemical methods such as the
use of vapor phase gluteraldehyde (GTA), ethyl(dimethylaminopropyl) carbodiimide
(EDC), ethyl(dimethylaminopropyl) carbodiimide-N-hydroxysuccinimide (EDC-NHS),
glyceraldehyde, and genipin [75, 188, 190-195]. Physical methods are not suitable as
the harsh crosslinking condition may denature preloaded bioactive molecules. On the
other hand, toxicity of crosslinkers and their byproducts remains a serious issue [196-
201]. GTA, for instance, has been reported to be highly toxic and may cause
calcification of implant despite being quick and efficient [196]. Although genipin has
much lower toxicity, it is much less efficient too compared to the use of GTA, EDC
and glyceraldehyde [189, 192, 195].

An interesting and promising method that yet to be attempted to crosslink gelatin
fibers is enzymatic crosslinking by transglutaminases. TGs are naturally occurring
enzymes that catalyze formation of inter- and intramolecular isopeptide bond between
glutamine and lysine residues [202]. In comparison with TGs produced by animal
tissues, microbes derived TGs have several favorable features such as less substrate
specificity, and lack of dependence on Ca®" and specific ligand for activation [205,
210-212]. The use of microbial transglutaminase (mTG) is really attractive as it is
biodegradable and has very low cytotoxicity [213-224]. Additionally, as typical to any
other enzyme, the reaction that it catalyzes is site-specific thus leaving other functional
groups to be unaffected. In this study, mTG was encapsulated directly inside gelatin
fibers during electrospinning and the feasibility of using it to crosslink the fibers was

assessed.
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3.2 Materials and methods

3.2.1 Materials

Activa TG BW-MH microbial transglutaminase was obtained from Ajinomoto
Singapore. The powdered product contain 1wt% microbial transglutaminase, ~99%
maltodextrin, and a little amount of sodium chloride and sodium caseinate. Activa TG
BW-MH reportedly contains 100 units of activity per gram-powdered preparation.
Gelatin type B from bovine skin, hydrochloric acid (HCI), and sodium azide were
purchased from Sigma Aldrich. Glacial acetic acid was purchased from Merck. PBS
pH 7.4 (GIBCO) was bought from Invitrogen. Tris powder was obtained from Vivantis.
The deionized water (DIW) has a resistance of 0.5 MQ. All materials were used as

received, without any further purification unless otherwise noted.

3.2.2 Electrospinning of gelatin-mTG

Acetic acid was used to prepare gelatin-mTG solution for electrospinning. In
this study, there were 3 factors investigated, the concentration of gelatin, mTG loading
amount, and the concentration of acetic acid used as solvent. The amount of mTG
used is referred as percentage of powdered mTG with respect to gelatin weight. To
prepare the solution, gelatin was first dissolved in more concentrated acetic acid and
mTG was dissolved in DIW. Gelatin and mTG solution were mixed just before being
electrospun and homogenous composition were ensured by rigorous vortexing for at
least 15 minutes.

In order to find the gelatin concentration that could yield uniform fiber, 10-
25wt% gelatin with 10wt% mTG in 5wt% step was dissolved in 40% acetic acid

solution. The composition of gelatin and mTG is denoted as XG/YmTG with X and Y
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being the concentration of gelatin and mTG respectively. The optimized operating
parameters such as the flow rate, tip to collector distance, and applied voltage were
determined in this step and used for subsequent studies. Rotating collector at low
speed of around ~200-400 rpm were used to collect the fibers.

To investigate the impact of mTG loading amount, 3, 10, and 20wt% of mTG
was incorporated into 25wt% gelatin in 40% acetic acid. The actual theoretical enzyme
loading is 0.03, 0.1, 0.2 wt/wt% respectively Next, to determine the effect of varying
the acetic acid concentration, 25wt% gelatin with 10wt% mTG were spun from 30%,

40%, and 50% acetic acid.

3.2.3 Crosslinking

The crosslinking was done via two steps procedure. At first, the fibers were
exposed to saturated water vapor at room temperature in sterile condition. The period
of exposure was set to range between 1-6 hours. In the subsequent step, the fibers were
soaked in mTG containing buffer. I1wt% or 2wt% mTG was dissolved in 0.2M Tris-
HCL pH 6 buffer. Prior to usage, the mTG solution was run through 0.2s as n was
Tris-is-d in 0. The fibers were immersed for 1 and 4 hr for assessment. Afterwards, the
scaffold was washed with PBS pH 7.4 three times for 10 minutes each to remove the

remaining mTG for characterization.

3.2.4 Characterization

3.2.4.1 Fibers morphology
The as-spun fibers collected on aluminum foil were immediately transferred to

vacuum oven and dried overnight. The fibers were sputter coated with platinum and
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observed under scanning electron microscope (SEM). The fibers diameter was then
measured by using open source software, Image J. A minimum of 70 fibers from each

triplicate samples was measured for data analysis.

3.2.4.2 Crosslinked fiber morphology

Crosslinked fibers were first dehydrated via gradient ethanol, 30%, 50%, 70%,
90%, and 95% v/v (twice) for 15 minutes each. Next, the scaffold was dried by critical
point drying method according to manufacturer protocol. Sputter coating with
platinum was done immediately to minimize re-absorption of moisture. The following

observation was performed under SEM. This study was done in triplicate.

3.2.4.3 Stability of crosslinked fibers
To evaluate the stability, the crosslinked scaffold was immersed at 37C in PBS
pH 7.4 with 0.1wt% sodium azide as anti microbial agent. The scaffold structure was

then analyzed after being incubated for 7 days. This study was done in triplicate.

3.2.4.4 Statistical data

Data is presented in the form of mean + standard error of mean. The comparison
between two groups was carried out using t-test. For comparison of 3 groups or more,
ANOVA with post hoc analysis were done. Homogeneity of variance was tested prior
determining the type of post hoc analysis. In comparing fiber diameter, games-howell

post-hoc was adopted. 95% confidence level was used in all statistical analysis.
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3.3 Results

3.3.1 Electrospinning

Gelatin dissolved in 40% acetic acid having concentration of 10-25wt% in Swt%
interval was spun together with the incorporation of 10wt% mTG. No stable
electrospinning process could be obtained from 10G/10mTG and 15G/10mTG.
Droplets instead of fibers were deposited on the target. Increasing the gelatin
concentration to 20wt% (20G/10mTG) yielded fibers with beaded morphology.
Smooth and uniform fibers could be spun with further increment of gelatin
concentration to 25wt% (25G/10mTG). The optimized operating parameters were 10
cm for tip to collector distance, 0.8 ml/h for flow rate and -5/+13-15kV for applied
voltage.

The effect of the incorporated mTG was determined by varying the mTG loading
amount. Increasing the content of mTG from 3wt% to 10wt% did not seem to exhibit
any significant effect, both to the electrospinning process itself and the resulting fiber
morphology. The fiber diameter is not significantly different, 403.73+4.09 nm and
408.59+7.22 nm for 3wt% and 10wt% loading respectively. A loading amount of
20wt% however, was much more difficult to dissolve and there were solid remain even
after vortexing. When tried being spun, the electrospinning process was not stable and
the fibers obtained were wet and melded together at fiber-to-fiber junctions.

With variation of acetic acid concentration, while no notable difference was
observed during the preparation of the spinning solution and the electrospinning
process, the resulting fiber does show significant different in diameter. As tabulated in
Table 3.1, the fiber diameter for 25G/10mTG fibers spun from 30%, 40%, and 50%

are 210.65+5.35, 408.59+7.2, and 553.32+5.98 nm (ANOVA, p<0.05) respectively.
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The surface morphology of these fibers was found to be smooth regardless of mTG
loading amount and different concentration of acetic acid used for spinning. On further
note, there was no difference in mTG solubility observed with different acetic acid

concentration.

Mean Std. Error
Samples
(nm) (nm)
25G/3mTG-40% a.a 403.73 4.09
25G/10mTG-40% a.a 408.59 7.22
25G/10mTG-50% a.a 553.32 5.98

Table 3.1. As spun Gelatin-mTG fiber diameter

3.3.2 Crosslinking

As spun fibers which only exposed to water vapor dissolved in water as soon as
it came into contact with water. Exposure to water vapor for at least 1 h renders the
gelatin fibers insoluble at room temperature for up to 7 days, but completely dissolved
at 37°C within 3 hours. Extending the vapor exposure time up to 24 hours yielded the
same outcome. The following impregnation in mTG solution helped to stabilize the
fibers at physiological temperature.

Figures 3.2, 3.3, and 3.4 show the structure of the fibers subjected to different
vapor exposure time and incubation in mTG solution time. When the fibers were
exposed to water vapor for 1 h followed by incubation in 1wt% mTG for 2 h, the fibers

experienced considerable structural deterioration. Nonetheless, when the water vapor

35



exposure was prolonged to 4 hours or longer, the structure can be retained. Incubation
in 2wt% mTG for 2 h or in 1wt% mTG for 6 h or more proved to improve the
morphology of 1 h water vapor exposed fiber. Nevertheless, no significant
improvement was observed qualitatively by further increasing the incubation time or
water vapor exposure period.

Inconsistency in crosslinking efficacy throughout the scaffold was also observed.
In the same sample, as shown in Figure 3.5, transitional structures from fibers to film-

like structure could be spotted.
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Figure 3.1a-f. As spun gelatin-mTG fibers via acetic acid (inserts are higher magnification images). (a) 20G/10mTG in 40% acetic acid. Beaded
fibers were obtained. (b) 25G/3mTG in 40% acetic acid. (¢) 25G/20mTG in 40% acetic acid, fibers were found merged together at the
intersection. (d,e,f) 25G/10mTG in 30%, 40% and 50% acetic acid
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Incubation time in 1wt % mTG in Tris-HCI buffer pH 6 solution
2 hours 6 hours 24 hours

Vapor exposure time
1 hour

4 hours

Figure 3.2a-f. Crosslinked fibers structure in 1wt% mTG in Tris-HCL buffer pH 6 solution. (a-c) fibers were exposed to water vapor for 1 hr and
soaked for 2, 6 ,and 24 h respectively. (d-e) fibers were exposed to water vapor for 4 h and soaked for 2, 6 ,and 24 h respectively. Fibrous shape
was maintained in all crosslinking condition, with the exception in (a) where the fibers showed sign of deterioration.

38



Incubation time in 2wt % mTG in Tris-HCI buffer pH 6 solution
2 hours 6 hours 24 hours

Vapor exposure time
1 hour

4 hours

Figure 3.3a-f. Crosslinked fibers structure in 2wt% mTG in Tris-HCL buffer pH 6 solution. (a-c) fibers were exposed to water vapor for 1 h and
soaked for 2, 6 ,and 24 h respectively. (d-e) fibers were exposed to water vapor for 4 h and soaked for 2, 6 ,and 24 h respectively. Fibrous shape
was maintained in all crosslinking condition.
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Vapor exposure time: 24 hrs Vapor exposure time: 24 hrs Vapor exposure time: 24 hrs
Incubation time: 6 hrs Incubation time: 6 hrs Incubation time: 24 hrs

In 1 wt% mTG solution In 2 wt% mTG solution In 1 wt% mTG solution

Figure 3.4. Crosslinked fibers structure of 24 h water vapor exposed fibers followed by incubation in mTG solution. (a&b) incubation in 1 and
2wt% mTG solution for 6 h, and (¢) incubation in 1 wt% mTG solution for 24 h. Compared to shorter water vapor exposure time, there is no
significant structural improvement achieved.
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Figure 3.5. Fiber-film transitional structure. Fibers lost their individual structure and
merged together to form film.

3.4 Discussion

Concentration of the polymer is one of the crucial factors in electrospinning.
Depending on the type and mixture of solvents, the critical concentration to yield
smooth and uniform fibers may differ. Using 40% aqueous acetic acid as the solvent, it
was found that a minimum of 25wt% of gelatin is needed to obtain uniform fibers. In
line with typical observation of electrospinning process, too low concentration
translates to spraying of droplets. This is caused by insufficient viscoelasticity to
withstand the surface tension force. The transition from droplets to beaded fibers
(Figure 3.1a) and eventually to smooth fibers is in tandem with increasing
concentration and viscoelasticity of gelatin solution.

The addition of mTG from 3-10wt% did not show any significant difference in
electrospinning process and the resulting fiber diameter. Doubling the content to

20wt% however, posed instability to the spinning process. Optimization of other
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parameters such as flow rate, applied voltage and distance did not improve the quality
of the fibers obtained. As shown in Figure 3.1c, the fibers merged together at the fiber-
fiber intersection and covered most of the pores. In addition the presence of solid
matters despite vigorous vortexing was evident. Such high amount of mTG may well
exceed its solubility limit in gelatin solution. Concentration of acetic acid was found to
be more influential to fiber diameter. Holding the gelatin and mTG amount constant,
the fiber diameter increases as the concentration of acetic acid increases. Similar
observation has also been reported. With porcine skin gelatin concentration held
constant at 10%, the fiber diameter increases from 103nm to 148nm when acetic acid
concentration was increased from 80% to 90% [80]. The difference in minimum
concentration and acetic acid strength in the reported study may stem from the
different source and molecular weight of gelatin used.

The crosslinking efficacy was assessed through the stability of the scaffold at
physiological temperature for prolonged period and morphology of the crosslinked
scaffold. The as-spun fibers readily dissolved upon contact with water at room
temperature despite incorporation of mTG. Furthermore, the solution viscosity
remained unchanged when the homogenous gelatin-mTG solution was let to stand at
room temperature for 7 days and the fibers spun from the solution yield the same
morphology as that of freshly prepared solution. All together, this suggests that no
crosslinking reaction occurred since the mTG was introduced to gelatin solution and
during the electrospinning process. This could be attributed to inconducive condition
caused by the low pH of the solution. The working pH range of mTG is reported to be
from 4 to 9 [228]. For comparison, 30% acetic acid, the lowest concentration acetic

acid solution used in this study, has a pH value of 2.03.
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Exposure to water vapor provides moisture that facilitates crosslinking reaction
in situ. This was obvious since fibers kept well in desiccator for extended period up to
14 days still immediately dissolved in water upon contact. Water vapor mediated step
is critical as any facilitating crosslinking method involving direct immersion in mTG
containing buffer solution, is not feasible. This is because the dissolution rate of
gelatin fibers in water is faster than the crosslinking rate. Impregnation in gelatin non-
solvent, such as ethanol, is not desirable as well as it may deactivate mTG. Cui, L., et
al., reported that although the activity of mTG can be slightly increased in the presence
of 10% ethanol, at higher concentration the catalytic capability deteriorates rapidly
[229].

Nevertheless, simply providing moisture through water vapor exposure was not
enough to grant thermal stability at physiological temperature. At this stage, low pH
would not be the major inhibiting factor anymore as almost all of the solvent would
have evaporated by the time the fibers were deposited during electrospinning process.
It is more likely that such limited crosslinking process was caused by inadequate
amount of active mTG. The activity of any enzyme depends on the preservation of its
functional 3D structure. Low pH and high voltage may cause change to mTG structure
conformation. Moreover, the use of impure mTG and low enzyme activity contributed
to inefficient crosslinking.

In order to increase the fibers stability at physiological temperature, further
crosslinking process is then compulsory. Following water vapor exposure, the fibers
were soaked in mTG solution in tris-HCL buffer. The pH was adjusted to 6 as it was
reported that mTG activity is enhanced at this condition [230]. The concentration of
mTG in the buffer, however, was limited by mTG powder solubility. Above 2wt%, the

powder tends to agglomerate. The results suggest that there is a trade off between the
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crosslinking rate, incubation time and crosslinking extent during water vapor exposure.
The lack of crosslinking during water vapor exposure can be offset by either increasing
soluble mTG concentration or incubation time (Figure 3.2, 3.3 and 3.4).

Albeit achieving major structural improvement, a major setback was encountered
in this study. Fibers-film transitional structure was randomly found on the samples
(Figure 3.5). We hypothesized that it is due to non-uniform crosslinking across the
scaffold during water vapor exposure period. The swelling of these fibers in aqueous
medium highly depends on how tight the gelatin molecules are crosslinked. Loosely
crosslinked fibers during the first step may cause excessive swelling and prone to
merge together with adjacent fibers during the incubation step. Therefore, the key step
in preserving the fibrous architecture is the crosslinking that occurred during exposure
to water vapor. The crosslinking extent should exceed the certain threshold to ensure
the structural integrity of individual fiber. Crosslinking rate and extent depend not only
the amount but also on the enzyme activity level. The use of higher activity mTG with
fewer impurities may improve the crosslinking efficiency. It is also possible that use of
more active mTG would not require any additional crosslinking.

The fact that the latter part of crosslinking method necessitates incubation in
aqueous medium presents disadvantages when diffusible factors are encapsulated
during electrospinning. A huge percentage of the drugs may diffuse out of the fibers as,
compared to synthetic materials, the hydrogel nature of gelatin fibers supports higher

diffusion rate.
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3.5 Conclusion

We have demonstrated that mTG can be easily incorporated into gelatin fibers
and partially retained its catalytic function. However, the fibers did not undergo
crosslinking during the electrospinning process. The crosslinking has to be done via
two steps procedure, provision of moisture via water vapor exposure and further
crosslinking in mTG solution, to make the fibers thermally stable at physiological
condition and retain their fibrous structure. Nonetheless, the supplemental immersion
and suboptimal crosslinking are two great concerns. With the current state of the result,
it is still unsuitable to confer any diffusible bioactive chemicals or their concentration
gradient. Further and more comprehensive studies need to be carried out to improve
the crosslinking process and better characterize the scaffold in terms of their post-
crosslinking structure, drugs retention capability, and cytocompatibility. Given its low
toxicity and biodegradable nature, mTG crosslinked fibers may appeal to broad

spectrum of applications in tissue engineering.
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4 Nanofibrous Scaffold with
Incorporated Protein Gradient For
Directing neurite outgrowth'

Abstract

Concentration gradient of diffusible bioactive chemicals assumes many
important roles in regulating cellular behavior. Amongst many factors influencing
functional recovery after nerve injury, such as topographical and biochemical signals,
concentration gradients of neurotrophic factors provide chemotactic cues for neurite
outgrowth and targeted renervation. In this study, a concentration gradient of nerve
growth factor (NGF, 0-250 pg/ml) was incorporated throughout the thickness of
poly(e-caprolactone)-poly(ethylene glycol) coaxial electrospun nanofibrous scaffolds
(~ 700 um thick with ~ 800 nm average fiber diameter). The existence of the protein
gradient upon protein release was demonstrated using a customized underagarose-
PC12 neurite outgrowth assay. When exposed to scaffolds endowed with NGF
concentration gradient (NGF-CG), significant difference in the percentage of cells
bearing neurite outgrowth was observed (7.1 = 1.9% vs. 0.8 £ 0.3% for cells exposed
to high vs. low concentration surface respectively, p < 0.05). In contrast, no significant
difference was observed when cells were exposed to scaffolds that encapsulated a

fixed concentration of NGF. Direct culture of PC12 cells on the substrates

1 This chapter has been published in whole. Changes made to figures and references
numbering are to conform to the style and flow of this thesis.

Handarmin, G J Y Tan, S Bibekananda, G T Marcy, E L K Goh and S Y Chew,
Nanofibrous scaffold with incorporated protein gradient for directing neurite outgrowth, Drug
Delivery and Translational Research, 1(2), pp. 147-160, 2011, doi: 10.1007/s13346-011-0017-
3.
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demonstrated the cytocompatibilty and the effect of diffusible NGF gradient on neurite
outgrowth. A significant difference in the percentage of cells with neurite extensions
was observed when PC12 cells were seeded on NGF-CG scaffolds (21.2 £ 3.6 % vs.
10.4 + 1.3 % on high vs low concentration surface respectively, p < 0.05). Furthermore,
Z-stack confocal microscopy tracking of neurite extensions revealed the chemotactic
guidance effect of NGF concentration gradient. Directed and enhanced neurite
penetration into the scaffolds, towards increasing NGF concentration were observed.
In vitro release study indicated that the encapsulated NGF was released in a sustained
manner for at least 30 days (80.4 * 3.6 % released). Taken together, this study
demonstrates the feasibility of incorporating concentration gradient of diffusible

bioactive chemicals in nanofibrous scaffolds via the coaxial electrospinning technique.
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4.1 Introduction

Concentration gradients of diffusible biochemicals provide chemotactic cues to
direct biological responses such as cell migration, tissue morphogenesis, and neurite
outgrowth [231-233]. In nerve regeneration, targeted renervation is crucial for
promoting functional recovery and the direction of neurite extension may be regulated
by physical and biochemical signals such as topography and the coordination of
stimulative, inhibitive and directive biomolecules [234, 235].

In vitro, the mere presence of neurotrophic factors promotes neurite outgrowth
from neuronal cells such as PC12 cells and dorsal root neurons. Presented in a
concentration gradient format, neurotrophic factors preferentially guide neurite
projections in the direction of the positive gradient. [34, 49, 50, 55, 236-238]. While
the benefits of incorporating concentration gradients for directing cell fate are clear,
translating these in vitro works into in vivo implementation remains a challenge. One
of the obstacles is the difficulty in integrating the technique of generating
concentration gradients into scaffold fabrication methods. Microfluidic devices, for
instance, can produce controllable and very precise concentration gradients of
biochemicals [239-241]. However, such methods cannot be scaled up easily and may
not be used directly to create scaffolds in a simplistic manner for direct implantation.
In addition, most studies have focused on hydrogels [34, 57, 242-244]. While these
isotropic materials are useful platforms for direct in vivo implantation, it is often
difficult to incorporate topographical cues for a synergistic effect to direct cellular
behavior.

Structurally, electrospun scaffolds closely mimic the native extracellular matrix
(ECM), comprising of sub-micron to nano-sized fibers that are similar in geometric

scale as ECM fibrillar components. Such biomimicking substrates may provide
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physical cues to direct cell fate [179, 180, 245, 246] and enhance nerve regeneration
[106, 181, 247]. The versatility of the electrospining process has also allowed the
implementation of these nanofibers as surface coatings to enhance neural electrode
implant-tissue integration [248-250].

In tissue regeneration, the sustained availability of biochemicals is often
necessary over an extended time period. Since these diffusible bioactive chemicals and
their concentration gradients are often subjected to changes by interstitial fluid flow
and biodegradation, a good controlled release vehicle is required. Drug-encapsulated
electrospun fibers can serve as ideal drug delivery vehicles with sustained release
behavior [105, 106, 129, 133, 140, 251, 252]. In particular, coaxial electrospun fibers
provide greater protection over the encapsulated biomolecules than conventional
uniaxial fibers. This is due in part to the physical separation of the drugs from organic
solvents that are typically used during electrospinning. Moreover, drug release rate can
be fine tuned easily in coaxial electrospun nanofibers [129, 133, 138, 140, 141, 253].

In this study, we incorporated a concentration gradient of nerve growth factor
(NGF) into nanofibrous scaffolds via coaxial electrospinning. We demonstrate the
feasibility of fabricating a biomimicking scaffold that is endowed with a combination
of nanofiber topography, sustained availability of NGF and a concentration gradient of
the encapsulated protein. Such biofunctional substrates may find useful applications in
directing neurite outgrowth for enhanced nerve regeneration and neural electrode

implant-tissue integration.
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4.2 Materials and Methods

4.2.1 Materials

Poly (e-caprolactone) (PCL, Mn 80,000), poly(ethylene glycol) (PEG33s0, MW
3350 and PEGssx, Mw 35,000), bovine serum albumin (BSA) with fraction V > 96%,
fluorescein isothiocyanate-bovine serum albumin conjugate (FITC-BSA), sodium
azide, dichloromethane (DCM), 2,2,2-trifluoroethanol (TFE) with purity 99.0%,
Tween 20, 45% D-(+)-glucose solution, 10% formalin, Triton-X, and glycine were
purchased from Sigma Aldrich, USA. RPMI 1640 with L-Glutamine, heat inactivated
horse serum, fetal bovine serum (FBS), and HEPES free acid 1M solution were
purchased from Hyclone. Phosphate buffered saline (PBS), pH 7.4, antibiotic and
antimycotic, sodium pyruvate 100 mM 100X (GIBCO), phalloidin - Alexa fluor 633,
phalloidin - Oregon green, DAPI, and Live/Dead Vialibility/Cytotoxicity Kit for
mammalian cells (Molecular Probes) were purchased from Invitrogen. The deionized
water has a resistance of 0.5 Mar Probes) were purchased from Invitrogen. nvitroand

recombinant human S nNGF duo set ELISA kit were purchased from R&D Systems.

NGF was reconstituted in sterile 0.1 wt% BSA solution. Pierce BCA protein assay was
purchased from Thermo Scientific. Mouse collagen type IV was from BD-Biosciences
and agarose was purchased from Bio-Rad. Tissue Tek O.C.T compound was obtained
from Fisher Scientific. All materials were used as received without any further
purification unless otherwise noted. PC12 culture medium comprised of serum free
RPMI supplemented with 1% sodium pyruvate, 1% HEPES, 1% antibiotic-antimycotic

solution and 0.267% glucose.
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4.2.2 Scaffold fabrication

Coaxial electrospun fibers were prepared using a custom-made coaxial setup.
The core solution was fed through a 22G needle configured concentrically within a 1.5
mm wide circular opening on the coaxial chamber. For all samples, the composition of
the shell solution was fixed and comprised of 10 wt% PCL in TFE with 20 wt%
PEGs350 (with respect to PCL) as the porogen. A fixed concentration of core solution
diluent was also used for all samples. This core diluent comprised of 150 mg/ml of
PEGs;sy.

The protein concentration gradient within the core of the nanofibers was
generated using a linear gradient maker that was connected to a peristaltic pump (CBS
Scientific Co.), as shown in Figure 1. The gradient maker consisted of two equivolume
chambers, A and B, that was connected by a 200 ml conduit. A Teflon valve was
inserted at the center of the conduit to control fluid flow between the two chambers. To
fabricate scaffolds comprising of a gradient of carrier protein, BSA, only (denoted as
BSA-CG, where CG indicates concentration gradient, Table 1), 600 ml of concentrated
BSA solution (40 mg/ml reconstituted in core diluent) was loaded into chamber A,
while chamber B comprised of 900 ml of core diluent. A magnetic stirrer was placed in
chamber B to ensure thorough mixing of the solutions. To fabricate scaffolds
comprising of NGF concentration gradient (denoted as NGF-CG, Table 1), an
additional 150 mg of NGF was added into the concentrated BSA solution in chamber
A. The theoretical loading levels of NGF and BSA were 0.04% and 10.58%
respectively with respect to the dry weight of the scaffolds. BSA was used as a carrier
protein to protect and stabilize NGF. The theoretical NGF concentration gradient
encapsulated throughout the thickness (~ 700 um) of the scaffold was 0-250 pg

NGF/ml of core solution.
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Figure 4.1. Schematic diagram of coaxial electrospinning setup.

Preliminary experiments conducted to determine the efficiency of the linear
gradient maker showed that only ~ 65% of BSA in chamber A was dispensed out over
a 2 h period. Based on this efficiency, the amount of protein required to fabricate
scaffolds with fixed protein concentrations was adjusted proportionally so that the
theoretical loading levels of BSA and NGF remained the same as scaffolds with
protein gradients. To fabricate scaffolds with fixed concentration of BSA (denoted as
BSA-FC, where FC indicates fixed concentration, Table 1), 25 mg of BSA was
reconstituted in 1 ml of core diluent. For scaffolds with fixed NGF concentration

(denoted as NGF-FC, Table 1), 100 ug NGF was added along with 25 mg of BSA into
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I ml of core diluent. The respective core solution was then loaded into the coaxial
chamber by a syringe pump (New Era Pump System) for electrospinning. The
compositions of the electrospinning solutions used in this study are summarized in
Table 1.

All samples were collected on a negatively charged rotating mandrel that was
12 cm in diameter (total deposition area = 75.4 cm?). The rotation speed of the
collector was set at ~400 rpm and the tip-to-collector distance was 14-15 cm. A
voltage of - 4/ +17-22 KV was applied for electrospinning. The flow rates of the core
and shell solutions were set at a ratio of 4:1, with 4 ml of the shell solution delivered at
a rate of 2 ml/h. The electrospinning process was carried out for 2 h, resulting in a

scaffold thickness of ~700 pm.
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10wt% PCL
+ 20wt%
PEGs33s0

. ) Concen'tranon BSA-CG
gradient
+ - Fixed concentration BSA-FC
150mg/ml
. . Concen'tranon NGF-CG
gradient
+ + Fixed concentration| NGF-FC

Table 4.1. List of experimental samples and notation used.
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4.2.3 Characterization

4.2.3.1 Fiber morphology and core-shell structure evaluation

As-spun fibers were dried under vacuum overnight and sputter coated with
platinum (JEOL JFC-1600) prior to observation by the scanning electron microscope
(SEM) (JEOL JSM-5500). Fiber diameters were measured using the open-source
image processing software, ImageJ. At least 100 fibers were measured for each sample
group. To examine the core-shell structures of the nanofibers, the scaffolds were rolled
into tubular form and cut perpendicularly in liquid nitrogen using a surgical blade. The

revealed cross section was then dried, sputter coated and analyzed under the SEM.

4.2.3.2 Protein gradient visualization

0.05 wt% of FITC-BSA was added into the BSA solution during the fabrication
of BSA-CG scaffolds, to create a gradient of FITC-BSA throughout the scaffold.
Thereafter, the scaffold was embedded in O.C.T. and sectioned at a thickness of 50 um
using a cryostat (Leica CM1900) prior to observation under an epi-fluorescent

microscope (Olympus, DP71).

4.2.3.3 Quantification of protein gradient

In order to quantify the concentration of protein encapsulated within the fibers,
BSA-CG fibers (average weight 33 + 2 mg) were collected for a 5 min duration at
fixed time points. Thereafter, the fibers were dissolved in 1 ml of DCM. One ml of
PBS was then added and the mixture was vortexed and equilibrated at room
temperature for 15 min. Following that, the mixture was centrifuged at 4000 rpm for 5

min and the aqueous medium was retrieved. Another 1 ml of fresh PBS was added and
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the entire process was repeated. For comparison, the core solution of BSA-CG scaffold
was collected for the same duration at the same time points directly after dispense from
the linear gradient (prior to electrospinning). Finally, the concentration of BSA was

determined using Pierce BCA assay. Both experiments were conducted in triplicates.

4.2.3.4 Release kinetics

The release kinetics studies were conducted under dynamic conditions at 37°C,
50 rpm (Heidolph Polymax 1040). NGF-CG (average weight = 134 + 10 mg, n = 3)
and BSA-FC (average weight = 255 + 5 mg, n = 3) scaffolds were incubated in 5 and 7
ml of PBS with 0.01 wt% of sodium azide respectively. At predetermined time points,
2 ml of supernatant was retrieved and replaced with an equal volume of fresh PBS.
After each release profile reached a plateau, all remaining proteins were extracted from
the scaffolds following previous protocol for quantifying BSA protein gradient. Finally,
the concentrations of NGF and BSA were determined using ELISA and Pierce BCA
assays respectively. The experimental protein loading efficiencies were computed

using the following equation:

Loading ef ficiency

(cumulative amount of protein released + extracted protein)

— . . x100%
original protein loading
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Figure 4.2. Schematic diagrams of (a) customized underagarose assay and (b) PC12
direct culture experiment using NGF-CG and NGF-FC scaffolds. Grayscale intensity
gradient represents NGF concentration gradient. Arrow: direction of increasing NGF
concentration.

57



4.2.3.5 Underagarose assay

A customized underagarose assay was designed to test the efficacy of the
scaffolds in directing the extent of neurite outgrowth. Twenty ml of 1 wt% agarose in
serum free RPMI (0.22 mm filtered) was casted into a customized mold within a 6-cm
petri dish to result in the configuration shown in Figure 2a. Prior to cell culture, a glass
coverslip was placed within each well at an equidistance of 0.5 cm from the center
rectangular cavity. Five ug/cm® of collagen IV was then added to coat the coverslips
for 1 h at room temperature. Thereafter, the coverslips were washed with sterile PBS
twice and the wells were equilibrated in serum free RPMI at 37°C, 5% CO, for 2 h
prior to cell seeding. Next, PC12 cells were seeded at a density of 5x10 cells/cm® in
600 ml of RPMI in each well. Two hours later, NGF-CG or NGF-FC scaffold (2 x 2
cm) was placed perpendicularly into the center cavity. Cells on TCPS were used as the
controls. Two hundred ng/ml of NGF in soluble format was added into the positive
control and the negative control received no NGF. After 4 days, cells were fixed with
10% formalin, permeabilized with 0.05% Triton-X with 50 mM glycine in PBS, and
stained with DAPI (1:1000) and phalloidin-oregon green (1:200) for nuclei and actin
cytoskeleton respectively. Finally, images were taken under the epi-fluorescent
microscope. The number of cells bearing neurite outgrowth longer than twice the cell
body length from 4 different areas of each coverslip was quantified (n > 1000). The

study was done in triplicates.

4.2.3.6 Direct PCI2 cell culture experiment
NGF-CG, NGF-FC, and BSA-FC scaffolds (as control) were cut to 24-well
size and coated with collagen type IV (50 pg/cm?) for 1 h. Thereafter, the scaffolds

were washed twice with sterile PBS and equilibrated in serum free RPMI for 15 min at
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37°C, 5% CO, prior to cell seeding. PC12 cells were seeded at 5x10” cells/cm? in 1 ml
of serum free RPMI. For NGF-CG scaffolds, cells were divided into two groups - cells
seeded onto the surface with higher NGF concentration (denoted as NGF-CG Side 1,
Figure 2b) and cells seeded onto the opposite surface with lower NGF concentration
(denoted as NGF-CG Side 2, Figure 2b). The experimental controls comprised of cells
seeded on BSA-FC scaffolds. Specifically, the positive control received 200 ng/ml of
NGF supplementation whilst the negative control received serum free RPMI only.

On day 4, cells were fixed and stained for nuclei and actin (phalloidin
Alexafluor 633 at 1:200 dilution) following the same protocol as the underagarose
assay. The scaffolds were then analyzed using confocal microscopy (Zeiss LSM-710).
Z-stack confocal imaging was adopted to capture neurite penetration into the scaffolds.
Images were captured at an interval of 1 um. The percentage of cells bearing neurite
outgrowth was also quantified following the same criteria as the underagarose assay.
The study was done in triplicates.

Cell viability on electrospun scaffolds was tested on day 4 using Live/Dead
assay. Cells were incubated in live (1:2000 dilution) and dead (1:500 dilution) cell

markers for 30 min prior to imaging using the epi-fluorescent microscope.

4.2.3.7 Statistical analysis

Data is presented as mean + standard error of mean (S.E.). Unpaired student t-
test was used to compare the percentage of PC12 cells with neurite outgrowth in the
underagarose assay and the direct cell culture experiment. Statistical comparisons
between fiber diameter and cell viability were conducted using ANOVA and Tukey

post-hoc tests after verifying equal variances.
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4.3 Results

4.3.1 Fiber morphology and core-shell structure evaluation

The average fiber diameters of the samples are shown in Table 4.2. No
significant difference was observed. As shown in Figure 4.3a, bead-free fibers with
smooth surfaces were obtained. Most fibers exhibited core-shell structures albeit the
variation in shell thickness and core size (Figure 4.3b). Additionally, some fibers

appeared to be uniaxial, without the desired core-shell structure.

NGF-FC | NGF-CG |Plain (BSA-FC) |Plain (BSA-CG)

Fiber ®
819+ 16 | 832+ 18 845 + 15 844 +21

(nm)

Table 4.2. Average fiber diameters of experimental samples, mean + S.E..

4.3.2 Protein gradient visualization

Figure 4.4a shows the cross section of the FITC-BSA-CG scaffold with FITC-
BSA encapsulated in a gradient manner. The gradual increase in FITC signal intensity

corresponded with the increase in protein concentration throughout the thickness of the

scaffold.

4.3.3 Quantification of protein gradient

Figure 4b illustrates the changes in BSA concentration with respect to time
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within the core solution during electrospinning and with respect to scaffold thickness
after nanofiber encapsulation. The concentration gradient of BSA within the core
solution was 283 pg/ml/min (or 48 pwg/ml/um) whilst the protein gradient encapsulated

within the fibers was 107 pwg/ml/min (or 18 pg/ml/um).

4.3.4 Release kinetics

Figures 4.5a and 4.5b show the release profiles of NGF and BSA respectively.
Initial burst releases of 26.9 £ 0.2 % NGF and 25.6 = 1.4 % BSA were observed.
Following that, the proteins were released in a sustained manner for up to 30 and 40
days for NGF and BSA respectively. A total of 80.4 £ 3.6 % of NGF and 97.9 £ 0.9 %
of BSA were detected and the experimental loading efficiencies of NGF and BSA

were (24 £ 0.3) x 107 % and (14.5 + 1.0) % respectively.

4.3.5 Underagarose assay

Figure 4.6 illustrates a significantly higher percentage of cells with neurite
outgrowth when cells were in closer proximity to the surface of NGF-CG scaffolds
that was endowed with a higher NGF concentration (7.1 £ 1.9 % on Side 1 vs. 0.8
0.3 % on Side 2, p < 0.05). In contrast, no difference in cellular behavior was observed
when NGF-FC scaffolds were used. When exposed to NGF-CG and NGF-FC scaffolds,
the percentage of cells bearing neurite outgrowth was significantly less than the
positive control (p < 0.05). The corresponding morphology of the cells is shown in
Figure 4.6b, where green and blue represent actin cytoskeleton and cell nuclei

respectively. In the absence of NGF, no neurite outgrowth was observed.
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4.3.6 Direct PC12 cell culture experiment

As indicated in Figure 4.7, cell viability on all electrospun scaffolds (NGF-CG,
NGF-FC and BSA-FC) was high in the presence of NGF. In these samples, a fraction
of live cells beared neurite outgrowth, whilst some remained rounded but attached well
onto the scaffolds. On BSA-FC scaffolds with no NGF supplementation (negative
control), PC12 cells remained rounded with no observable neurite outgrowth.
Concurrently, cell viability was significantly lower. For NGF-CG scaffolds, a higher
percentage of cells with neurite outgrowth was observed when cells were cultured
directly on the surface with higher NGF concentration. In contrast, no difference in
cellular behavior was seen when NGF-FC scaffolds were used (Figure 4.8).

The corresponding Z-stack confocal images tracking neurite outgrowth direction
in response to NGF chemotactic cues are shown in Figure 4.9. On NGF-CG scaffolds,
although extensive neurite extensions were observed from cells cultured on the surface
with higher NGF concentration (Figure 4.9a, white arrows), neurite penetration into
the scaffolds was low and could be tracked within 2 to 3 Z-stack image frames. In
contrast, extensive neurite extension and penetration were observed when cells were
cultured on the surface with lower NGF concentration (Figure 4.9b, white arrows). In
particular, neurites appeared to penetrate at least 6-8 mm deep into the scaffolds. Such
extensive neurite penetration was also absent from cells on NGF-FC scaffolds (Figure
9c, white arrows). Figures 4.9a2, 4.9b2 and 4.9¢c2 show the final combined Z-stack
series for Figures 4.9al, 4.9b1 and 4.9c1 respectively. The white arrows indicate the

full length of the neurites that were being tracked.
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Figure 4.3. SEM micrographs of (a) overview of scaffold and (b) core-shell structure
of nanofibers.
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Figure 4.4. Visualization and quantification of encapsulated gradient. (a) Light and fluorescent microscopy images of cross-section of FITC-
BSA-CG scaffolds revealing FITC-BSA fluorescent intensity gradient; and (b) variation of BSA concentration with respect to electrospinning
time and thickness of BSA-CG scaffold. Triangle: BSA concentration within core solution during electrospinning. Square: BSA concentration
extracted from BSA-CG fibers. n=3, mean + S.E.
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Figure 4.5. Release profiles of (a) NGF and (b) BSA from coaxial electrospun
nanofibers, n=3, mean + S.E..
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Figure 4.6. Neurite outgrowth from PC12 cells in underagarose assay. (a) Percentage
of cells bearing neurite outgrowth, n=3, mean + S. E., *: p < 0.05, t-test; **p < 0.05,
ANOVA; and b) fluorescent images of PC12 cells demonstrating neurite outgrowth
(white arrows) in response to NGF. Green: actin cytoskeleton; blue: nuclei.
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Figure 4.7. Live-dead assay of PC12 cells cultured directly on scaffolds for 4 days. (a) epifluorescence images depicting live (green) and dead
(red) cells. White arrows: neurite outgrowth; and (b) percentage of live cells on scaffolds. n=3, mean £+ S. E.. * and ** indicate significant

difference as compared to NGF-CG and NGF-FC (p<0.05, ANOVA).
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Figure 4.8. Neurite outgrowth from cells cultured directly on electrospun scaffolds. (a) Confocal images of cells in response to NGF. Red and

blue signals indicate actin cytoskeleton and nuclei staining respectively; and (b) percentage of cells with neurite outgrowth. n=3, mean =+ S.E., *:
p<0.05, t-test.
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Figure 4.9. Confocal Z-stack image series (thickness =Ium) tracking PC12 neurite
outgrowth on scaffolds. (al) NGF-CG Side 1, (b1) NGF-CG Side 2, and (c1) NGF-FC.
(al and c1) Limited neurite penetration into scaffolds was observed in cells seeded on
NGF-CG Side 1 and NGF-FC, and (b1) more extensive neurite penetration spanning 8
frames (8 served in cells seeded on NGF-CG Side 1 and NGa2, b2, ¢2) Combined
stacked images of (al), (bl) and (c1) respectively. Scale bar: 40 0 nd (bl) more
extensive nnsive nved in cells seedneurite outgrowth.
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4.4 Discussion

Imparting concentration gradients of proteins during the electrospinning process
presents a constant change to core solution properties such as viscosity and
conductivity. This may in turn affect nanofiber properties such as diameter and drug
loading efficiency. The constant fiber diameters obtained suggested that these changes
were tolerated by the optimized coaxial electrospinning parameters. Fiber size affects
cell fate and differentiation [181, 245, 246, 254]. Therefore, having similar mean fiber
diameter and distribution across all scaffolds used in this study helped eliminate the
effects of fiber size on cellular response. On the other hand, as reflected in Figure 4b,
protein loading efficiency decreased with time and increasing protein concentration.
Furthermore, while majority of the fibers exhibited core-shell structures, some did not.
It is possible that formation of sub-jets of shell solution occurred during
electrospinning [252]. The difference in charge density between the core and shell
solutions and the different rate of accumulation of both solutions at the needle tips may
also result in uniaxial fiber formation [121, 124]. Since the parameters used in this
study are already optimized, a possible alternative to improve the system may be to
further stabilize the electrospinning polymer jet by enhancing the polymer molecular
weight of the shell solution.

In this study, BSA was chosen as the model protein for the quantification and
visualization of protein gradient. This is because BSA is commonly used as a carrier
protein to protect and stabilize labile growth factors such as NGF. To serve its purpose,
BSA is typically used in much larger quantities (1-2 orders of magnitude higher) than
the highly potent growth factors [105, 131, 141, 251, 255]. In this study, the

concentration of BSA was 2 orders of magnitude higher than NGF. Due to the
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significantly higher amount of BSA utilized, changes in BSA concentration will
contribute more significantly towards any variations in the electrospinning process. By
focusing on this model carrier protein, one may also easily extend and translate the
optimized parameters and experimental findings to other potent growth factors.
Furthermore, since BSA and NGF are miscible, the resulting protein mixture is
anticipated to demonstrate similar distribution profiles as BSA alone within the core
electrospinning solution and within the nanofibers. Therefore, extending from the
observations made on BSA, the concentration gradient of NGF may be estimated to be
303 ng/ml/um within the NGF-CG core solution and 115 ng/ml/um within the NGF-
CG fiber scaffolds. This concentration gradient, although 3 orders of magnitude higher
than shown by previous studies (min. concentration of 133 ng/ml/mm for significant
neurite guidance effect [34]) did not appear to be cytotoxic as indicated by the direct
culture experiment. This is likely due to the fact that the release of NGF was limited by
diffusion and the resulting concentration gradient that the cells were subjected to was
lower than the encapsulated gradient. For this reason, the encapsulation of a higher
concentration gradient is necessary to ensure that a minimum effective concentration
gradient can be presented over a prolonged time period.

The BSA and NGF release profiles illustrate the overall average protein
concentrations since the supernatants were collected in bulk for quantification. As
indicated, both proteins were released in a sustained manner. The faster release rate of
NGF is likely due to its smaller molecular weight of 26.3 kDa as compared to BSA
(Mw: 67 kDa). The initial burst releases are likely attributed to proteins that were
located near the surface of the nanofibers. This may have resulted from the possible
mixing of core and shell solutions during electrospinning [121, 124, 141, 253], and this

mixing is postulated to occur predominantly in the Taylor cone [125]. Increasing the
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degree of immiscibility of both core and shell solutions by varying the choice of
respective solvents may attenuate the mixing.

In the underagarose assay, cells that were closer to the high NGF concentration
surface of NGF-CG scaffolds demonstrated more extensive neurite outgrowth.
Besides illustrating the presence of a gradient of diffusible NGF, the assay also
demonstrated that the NGF was at least partially bioactive and was present in a
therapeutic amount for neurite outgrowth. The exact level of NGF bioactivity,
unfortunately, could not be quantified due to the low sensitivity and non-linearity of
the assay [45, 256-258]. Additionally, the amount of NGF present in each well does
not reflect the total amount of NGF released since a portion would have remained
entrapped within the agarose gel. The possible partial loss of bioactivity due to
electrospinning and gel entrapment may have resulted in the smaller percentage of
cells bearing neurite outgrowth in cells exposed to NGF-FC and NGF-CG scaffolds as
compared to cells that received fresh soluble NGF supplementation.

The cytocompatibilty of the scaffolds and the effect of the encapsulated
concentration gradient of NGF on cellular response were evaluated by culturing PC12
cells directly onto the scaffolds. Cell spreading and attachment on the fibers together
with the formation of neurites in the presence of NGF indicated that the substrates
were compatible with PC12 cells. The presence of NGF was critical in maintaining
PC12 cell survival in the absence of serum as cells cultured in the absence of NGF
exhibited significantly lower viability (Figure 4.7). Supplementation of fresh soluble
NGF enhanced cell viability significantly (Figure 4.7, positive control vs NGF-FC and
NGF-CG). This may be due to the partial loss of bioactivity in electrospun NGF.
However, this difference in cellular behavior became less significant in terms of

neurite outgrowth (Figure 4.8, NGF-CG Side 1 vs. positive control).
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The neurite outgrowth on nanofibrous scaffolds was tracked by using Z-stack
confocal imaging. Analyses of PCI12 cells seeded on the high NGF concentration
surface of NGF-CG substrates showed that in most cases, the entire length of neurite
extensions could be tracked within two to three frames of imaging, i.e. 2-3 microns
deep (Figure 4.9a). Similar outcome was observed when cells were cultured on either
surface of NGF-FC scaffolds. These results suggested a lack of neurite penetration and
that most neurite extensions were two-dimensional. In contrast, when cells were
cultured on the low NGF concentration surface of NGF-CG scaffolds, neurite
outgrowth extended several microns deep into the scaffold. As indicated in Figure 4.9b,

the typical penetration depth of about 6-8 u m translates to about 7-10 layers of

nanofibers deep.

Although we did observe some neurite penetration on the low NGF
concentration surface, the preferential direction towards the positive NGF gradient
appears to be less perpendicular than expected. The adoption of static culture in this
study may be a possible reason. In static culture, the establishment of equilibrium NGF
concentration over time may have dampened the effect of the protein gradient. Loss of
chemotactic cues can profoundly affect neurite outgrowth directionality since neurite
growth tips are very sensitive to changes in concentrations of diffusible factors. The
turning, extension and retraction of growth cones upon the removal of neurotrophic
factors can occur in a matter of minutes [30, 46, 49]. The choice of a 4-day evaluation
time point for PC12 assays stems from this possible establishment of NGF equilibrium
concentration and also from the fact that this time point is frequently adopted for PC12
neurite outgrowth assay [45, 259-262]. Further studies involving the use of these
scaffolds under dynamic culture conditions or in vivo implantation will be undertaken

and are anticipated to result in more drastic differences in neurite penetration depths.
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This is because while in vitro cellular penetration into electrospun substrates have been
poor due to pore size limitations [129, 263, 264], complete cell infiltration of
electrospun scaffolds have been observed in as early as one week under in vivo
conditions [265-267].

Electrospun nanofibers reduce fibrous capsule formation and promote tissue-
implant integration [265]. Combined with concentration gradients of neurotrophic
factors, these substrates may find useful applications as novel coatings for neural
electrode implants. Currently, the implantation of neural electrodes is plagued by many
problems ranging from inflammatory response, gliosis to loss of neurons at the
electrode-tissue interface. These factors can lead to implant isolation, loss of signal
and, ultimately, implant failure. Electrospun fibers have been used to improve the
biocompatibility of neural electrodes. [248-250]. It is, therefore, possible that the
synergistic effects of encapsulating concentration gradients of neurotrophic factors
provide a sustained availability of neuroprotective agents and direct neurite penetration
towards neural electrodes for enhanced tissue-implant integration and signal
transduction. On basic science, these biomimicking substrates can also serve as novel
scaffolds for understanding many fundamental questions related to cell chemotaxis in a

three-dimensional ECM-like microenvironment.

4.5 Conclusion

Altogether, a method of incorporating concentration gradient of diffusible NGF
into electrospun nanofibrous scaffolds was established. The experimental results
demonstrate the presence of an encapsulated protein gradient throughout the thickness

of the electrospun scaffolds. In particular, the underagarose-PC12 assay demonstrated
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the effect of the NGF concentration gradient over a wider range via diffusion and the
direct culture of PC12 cells showed neurite-scaffold interaction in response to the
localized concentration of diffusible NGF gradient. The combination of topographical
cues, sustained delivery of bioactive chemicals presented in a concentration gradient
format within a single scaffold may find potential applications in regenerative

medicine, especially where chemotactic signals are required for regulating cell fate.
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5 Conclusion and future directions

Adopting chemotactic concentration gradient into implantable scaffolds opens up
many benefits that so far limited only to in vitro platform. This project aimed at
developing methods to integrate such concentration gradient into electrospun fibers.
The resulting scaffold features ECM mimicking topography and sustained delivery of
bioactive chemicals on top of the availability of chemotactic concentration gradient for
extended period. The versatility in varying these factors would allow more flexibility
and control in modulating cell fate and behavior.

Firstly we attempted to solve the major problem hindering the effort in imparting
chemotactic concentration gradient into gelatin nanofibers, that is the crosslinking. The
use of enzymatic crosslinking by mTG was pursued based on its many merits, notably
its biodegradability and low toxicity. We have shown that fibers with encapsulated
mTG, upon provision of moisture, underwent crosslinking in sifu albeit only to a
limited degree. With supplemental crosslinking, the fibers could last for at least 7 days
at physiological condition with retained fibrous structure for the majority. Even so, the
result and the crosslinking procedures were not good enough and appropriate to enable
the inclusion of diffusible bioactive chemicals and its concentration gradient. There are
many factors that should be further investigated in order to improve the crosslinking
method and characterize the scaffold. With the proposed use of higher specific activity
mTG, we expect that the efficiency of the in sifu crosslinking can be improved
dramatically. A break from the reliance of additional crosslinking in mTG solution
would be highly advantageous, especially for the encapsulation of diffusible bioactive

chemicals and their concentration gradient. On the other hand, use of synthetic
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materials is more straightforward. We have successfully established a method of
conferring chemotactic concentration gradient into fibers made of PCL and PEG by
coaxial electrospinning. The existence of endowed concentration was verified and with
the use of PC12 cells, the bioactivity of released NGF and the effect of concentration
gradient on their neurite outgrowth were exhibited.

There are many fronts that electrospun fibrous scaffold featuring concentration
gradient may find use. 1) This biomimetic scaffold, together with the use of dynamic
in vitro culture, can serve as a platform to study cell response to chemotactic
concentration gradient in a more physiologically relevant setup. Not limited to only
one concentration gradient, multiple concentration gradients with different steepness
and different trend could be incorporated with the established method easily. It is also
a subject of great interest to look at the effect of concentration gradient to in vitro stem
cells differentiation. 2) Chemotactic cues may improve cell penetration into
electrospun scaffold in vitro. In typical culture setup, cells seeded tend to stay on the
surface without pronounced penetration [129, 263, 264]. This is unfavorable as it
makes the creation of 3D cellular construct with electrospun fibers ex vivo impractical.
3) Inclusion of chemotactic concentration gradient into in vivo implants can be used to
augment the current strategy in many regenerative efforts. Other than directing neurites
to facilitate neurons interaction with neural electrodes and during renervation,
angiogenesis, cell homing, migration of cells towards specific area like wounded

location, are some other areas that would be interesting to look at. [1-8].
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