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Abstract

Design and fabrication of the scaffold is an important part of the tissue engineering process.
Nanofibrous scaffolds based on proteins are gaining increasing acceptance due to its
structural similarity to the extracellular matrix. Making use of the electrospinning technique,
rat tail collagen type | nanofibers were produced using a collagen in hexafluoroisopropanol
(HFIP) solution. In addition to optimizing the electrospinning process parameters, the effect
of humidity on fiber morphology and diameter was investigated for fiber size control for
particular tissue engineering applications. A generalized humidity effect on polymer fiber
diameter of the polymer solution electrospinning process was developed. The as spun
collagen type | fibers were unstable in aqueous solutions. To impart stability these fibers, the
technique of ion implantation was used. Both helium (He*) and nitrogen (N*) ions were
used. Polychromatic ion beam of energies of 0 — 100 MeV (He*) and 0 — 300 MeV (N¥) with
doses varied from 4*10%° ions /cm? - 1.2*10%® jons/cm? were used. The effect of the ion
implantation process on collagen fiber stability was investigated as a function of ion dosages.
While all implantation conditions gave stable fibers, their swelling characteristics vary. The
structural and chemical compositional changes in the stabilized collagen type I fibers were
investigated using the X-ray photoelectron spectroscopy (XPS). The results indicated that the
lowest dose of both the ion species implanted had the highest degree of crosslinking and
retained the largest amount of nitrogen which is essential for cell adhesion and important for

tissue engineering.
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Chapter 1

1 Introduction

The loss or failure of a tissue or organ is devastating to human health. There are limited
options available other than tissue or organ transplantation (2). Tissue engineered
replacements have the potential to overcome limitations of the traditional solution (3).
This technique involves harvesting healthy cells from the patient’s body, culturing these
cells with 3D porous support structure known as a scaffold (4, 5). The design and
fabrication of the scaffold is an important factor to ensure its success as it provides the
environment for cells to survive and perform the necessary regeneration. An ideal scaffold
should be biocompatible, biodegradable to produce nontoxic by-products after
degradation (6, 7). Scaffold, should be highly porous and have a large surface to volume
ratio, in order to promote uniform cell distribution, diffusion of nutrients, and to
organized cell communities (8). Along, with all these properties, the scaffold should be
degradable, mechanically strong and malleable to withstand physiological stress during

the tissue regeneration process (9).

Numerous techniques have been developed to fabricate fibrous scaffold. Among the
techniques investigated, electrospinning has emerged to be one of the most popular
technique. Electrospinning involves the use of an electric field to draw fibers from the
polymer solution. A voltage is applied to the polymer solution, which causes a jet of the

polymer solution to be drawn toward a grounded collector. The electrospinning process



has been studied using a variety of polymers (including protein such as collagen) with the

use of a broad range of solvent (10-12).

Collagen is ubiquitously available in mammalian species (13) and has been an attractive
biomaterial of choice as a tissue engineering scaffold material. It possesses properties that
meet the requirements of an attractive scaffold material for tissue engineering
applications and offers the unique advantage of being a component of the extracellular

matrix.

Collagen fiber fabrication by electrospinning has been extensively studied. By controlling
the fiber spinning process parameters, reproducible fiber size and morphology can be
obtained (14-17). Although the process parameters have been quite extensively studied,
however, there have been only several studies on the impact of environmental parameters
including temperature and humidity on electrospinning (15, 18). Knowledge of the
impact of humidity on electrospun fiber fabrication including collagen fibers would be a

significant contribution towards tissue engineering scaffold fabrication.

Collagen fiber in its native state is stable in the aqueous environment. However, collagen
nanofibers produced by electrospinning are not stable in water as the native collagen
structure is not conserved in the regeneration process. The regenerated fibers disintegrate
readily upon exposure to water or any aqueous media. In order to make use of these

fibers in the fabrication of scaffold for tissue engineering, they need to be stabilized.



One of the most commonly used technigue is to enhance aqueous stability of collagen
fibers is use of chemical crosslinking. One of the commonest chemical crosslinking
agent is glutaraldehyde. Glutaraldehyde vapor had been used to crosslink electrospun
collagen nanofibers (19). The resulting fibers had poor swelling properties and released
the highly cytotoxic crosslinking agent over time (20-22). Alternatives chemical
crosslinking agents including 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) had also been studied. But, they result in fibers with
the significant degree of swelling and loss of the nanofibrous morphology and porosity
(23, 24). Another less cytotoxic chemical crosslinking agent investigated is genipin. It
has achieved varying degrees of success on electrospun collagen fiber scaffold. But it

also led to significant swelling and resulted in the loss of fiber structure (25, 26).

lon beam treatment is a unique physical processing technique based on transfer of
energy from accelerating ions to the target material. Contrast to the conventional ion
implantation process which is regarded as a surface treatment technique for bulk
materials, its use on nanomaterials such as fibers is a bulk modification technique as
ions penetrate through the fiber cross-section. This method of energy transfer offers the
opportunity to be investigated as a new and novel approach to crosslinking of

electrospun collagen fibers.

Early study on ion implantation in polymer fibers was the use of oxygen ions on

electrospun polyurethane (PU) fibers (27). This is a unique approach to modification



without damaging the surface morphology of the polymer fiber with ion species of own
choice. This technique of ion treatment was later on applied to collagen thin sheets with
helium ions for enhanced stabilization (28). Thus, ion beam implantation as one of the
suitable ways to stabilize fibers in an aqueous environment by modifying their chemical
properties is of particular interest in scaffold fabrication (29). In addition to
improvement in aqueous stability, ion implantation has also be found to have an effect
on polymer stiffness. A study on electrospun poly(vinyl alcohol) (PVA) fibers using
nitrogen and helium ion implantation found that fiber stiffness is a function of ion used

and ion doses (29, 30).

The objectives of the current research are to:

« To fabricate collagen type | nanofibers by electrospinning using HFIP as the solvent.

« To study the effect of humidity on electrospun collagen type | fiber diameter and

morphology.

« To impart aqueous stability to the electrospun collagen type | fiber using ion

implantation using helium ion (He*) and nitrogen ion (N¥)

 To delineate the chemical changes taking place in the collagen type I fiber using X ray

photoelectron spectroscopy (XPS)
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Chapter 2

2 Background and literature review

The loss or failure of a tissue or organ is one of the devastating and expensive problems
in human health care. There are very few options other than organ transplantation

(2). Although organ transplant therapy have saved and improved countless lives,
however, immune rejection, patient-donor matching and especially the shortage of
available organs are the limitations of the organ transplant therapy. Statistics of organ
transplants in the United State of America have shown an increase of 20% over five years
(2010 — 2015) (31). Signifying that the demand of the organ transplant has grown every
year. Over the same period, organ donation has only increased by 10% (32). One of the
approaches to overcome this problem is to engineer and construct living biological

substitutes. This approach is known as tissue engineering (33).
2.1 Tissue engineering

Tissue engineering crosses the traditional boundaries of engineering and medicine. It
has been recognized as a promising alternative for reconstruction and regeneration
damaged or lost tissue/organs (33). The field of tissue engineering requires intensive
research and knowledge in many areas of sciences and engineering (34). The general
concept of tissue engineering leading to a living tissue replacement is shown in Figure
1. It is a multistep process involving the harvesting of cell from the patient’s own body
and seeding the cells onto a scaffold. By incorporating biochemical signalling

molecules such as growth factors into the culturing the cells in a controlled



environment such as a bioreactor, tissue can be regenerated for implantation into the

patient’s body.
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Figure 1 Schematic diagram illustrating the tissue engineering
paradigm (Adapted from (1))

2.2 Requirements for tissue engineering

Among the many components involved in tissue engineering, the design and fabrication
of the scaffold is an important factor to ensure its success as it provides the environment

for cells to survive and perform the necessary regeneration.



10

2.3 Role of scaffolds for tissue engineering

The success of tissue engineering depends on carriers, which are designed as scaffolds.
One of the best approaches is to design scaffolds that mimick the native extracellular

matrix.

The native extracellular matrix usually has a tissue specific composition and cells in
human tissues are anchored onto these matrices (35). The extracellular matrix functions

are classified into five categories below (4, 36-38) :

1. The extracellular matrix provides structural support and an environment to which
cells can attach and then proliferation and migration while responding to cell signals,
and so the design of the scaffold should allow for this same support and environment.

2. The extracellular matrix provides structure to the tissue and thus mechanical
properties like rigidity and elasticity are associated with its function. For example,
randomly organized collagen and elastin fibers are responsible for the elasticity of
skin, whereas in tendon collagentype-1 enables high tensile strength. The designed
scaffold should therefore provide a defined shape for the tissue, while giving
mechanical stability to the engineered tissue.

3. The extracellular matrix regulates the activities of cells by providing bioactive cues.
For example, binding events are triggered by the RGD sequence on fibronectin. The
scaffold should be designed to provide bioactive cues for cells to interact with other

cells to facilitate activities such as adhesion, proliferation and differentiation.
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4. The extracellular matrix acts as a bank that supplies growth factors to cells for their
bioactivities. The scaffold should be designed as a vehicle that can deliver these
growth factors to stimulate the bioactivities of cells.

5. The extracellular matrix facilitates wound healing by degrading and remodeling itself
in response to tissues. The scaffold matrix should be designed with controlled

degradation mechanisms so that it can respond to tissue remodeling processes.

2.4 Properties requirements of tissue engineering scaffolds

2.4.1 Bio-and cell compatibility

Biocompatibility is the key criterion of the scaffold employed for tissue regeneration. The
biomaterial to provide biological cues for cell attachment and migration onto the surface
and then eventually through the scaffold laying down a new matrix. To speed up the
regeneration process, the scaffold should serve as a delivery vehicle to provide growth
stimulating signals, such as growth factors (39). Tissue engineering Scaffolds should
cause a negligible immune rejection after implantation so as to prevent inflammatory
response caused by rejection by the body.

The important factor that determines the scaffold’s biocompatibility is its structural
chemistry (40). Thus, the behavior of mammalian cells, such as adhesion, proliferation
and migration, depends on the surface characteristics of the material. Numerous physical
and chemical surface modification methods are available to optimize the biocompatibility

of the material (8)
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2.4.2  Cell Adhesion, migration and proliferation

The initial and primary site of cell interaction is the surface of the scaffold and anchoring
these cells on the scaffold is one of the major phases towards tissue engineering (41). The
surface properties of the scaffolds can be selectively modified to enhance cell adhesion to
the biomaterials. Scaffolds with large and accessible surface areas are favorable for
tissue regeneration (42). Hence, surface modification of the biomaterial has become and
increasingly popular method for cell adhesion, migration and proliferation. Most of this
surface modification is performed to improve the biocompatibility of the scaffold, so that

the cell can perform its bioactivity on the scaffold.

2.4.3 Diffusion of nutrients and metabolites

The design of the structure of the scaffold is a critical step for tissue engineering because
it ensures the diffusion of nutrients to the cell. The scaffold should have an
interconnected pore structure that cells can penetrate, allowing for oxygen and nutrient
supply to diffuse in and waste removal. The porosity also allows the degraded scaffold to

exit without meddling with the newly fabricated extracellular matrix (43).

Mean pore size of the scaffold also plays an important role in the cells’ interaction with
the scaffold and allows migration throughout the scaffold. Cells connect with the scaffold
via ligands, a chemical group on the material surface of the scaffold (44). The density of
ligands is influenced by the available surface area within a pore to which cells adhere,

thus the pore size within a scaffold plays a critical role in tissue engineering.
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2.4.4  Controlled degradability

Scaffolds are not permanent implants, but are meant to degrade. When cells fabricate a
new extracellular matrix, the scaffold should degrade, allowing the cells to complete their
bioactivity (45). The degraded scaffold by-products should be non-toxic and should not
invoke any adverse immune responses.

The intrinsic properties of the polymer play a vital role in the rate at which the scaffold
degrades. Among all the intrinsic properties of the polymer, its chemical structure and
level of hydrophilicity or hydrophobicity can be changed to control the degradation rate
of the scaffold (46). Most importantly the degradation rate should match the rate at which

the tissue is regenerated.

2.4.5 Mechanics

The native extracellular matrix provides the mechanical integrity of the tissue (46) and
thus the extracellular matrix mimicking scaffolds are anticipated to provide temporary

mechanical support to withstand the loads and stress of regenerative tissue.

Also, these mechanical properties intensely impact cells and their functionality and have
been shown to regulate many cellular behaviors, including cell-matrix adhesions (47, 48),
motility (49), propagation(50), differentiation (51), viability (52), phenotype (51, 53) and

apoptosis (54).

These properties have also been tested on mesenchymal stem cells and were able to
differentiate into neural, myogenic or osteogenic tissues when cultured on 3D collagen

hydrogel with a stiffness of 0.1,11, or 34 kPa, respectively (55, 56). Thus, the choice of a



biomaterial is an important parameter for tissue engineering, as each tissue in the body
has a different stiffness ranging from brain tissue (1 kPa) to calcified bone (100 kPa)
(54). Additionally, it is essential to understand how cells sense forces and how these

forces are transduced into biochemical signals.

2.4.6  Organization of the ECM generated

The success rate of tissue engineering depends on the fabrication of the scaffolds that
mimic the native extracellular matrix (ECM). The ECM is the native fibrillar network
composed of GAGSs, proteoglycans and proteins used to support cell growth and
influence cell behavior (57). Apart from providing support to the cells, ECM also
releases the signaling molecules that regulate cell behavior (58). Several synthetic
polymers promote properties like degradation and cell adhesion, yet do not adequately
provide biochemical signals to control cell behavior (59). The ideal scaffold material
would imitate the ECM by properly guiding gene expression, cell migration and

differentiation (60). The goal of imitating the ECM can be achieved by incorporating

14

natural polymers, which are present in multicellular components like collagen (61). This

step would help us to achieve our goals of imitating ECM and help us incorporate
bioactive molecules like RGD peptides as a surface functionalization at the later step

while the tissue regenerates.
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2.5 Material

2.5.1 Polymers for soft tissues regeneration

In the tissue engineering of soft tissues such as cardiovascular tissues, the scaffold
material would need to have mechanical properties similar to that of the tissue. Polymer
possesses many of the properties required and is therefore an attractive choice for
scaffold fabrication. Many polymeric materials, both natural and synthetic, had been
investigated for suitability as scaffold material. Although there is a very wide range of
polymers available in the literature, the requirement of degradability and biocompatibility

place constraints that limit the choice of suitable candidate polymers.
2.5.2  Synthetic polymers

Synthetic polymers are man-made polymers and are very useful in biomedical

applications as their physical and chemical properties like flexibility, degradation and
mechanical properties can be tailored by chemical modifications (62). However, they
have many advantages when used as the scaffolding material, there is always a risk of

rejection for in vivo applications (63).

Some of the more popular synthetic polymers that have been investigated extensively for
scaffold fabrication include poly (glycolic acid) (PGA), poly(lactic acid) (PLA),
polycaprolactone (PCL), polyethylene glycol (PEG), poly(ethylene oxide) (PEO),

polylactide-co-glycolide (PLGA) and polydioxanone (PDO).
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2.5.2.1 Poly (glycolic acid) (PGA)

PGA is one of the very first degradable polymer investigated for biomedical applications.
Most of the PGA material are used as filler material, they often mesh in a scaffold for
bone (64, 65), cartilage (66), tendon (67), tooth (68), intestinal (69) and spinal
regeneration (70). Due to its rapid degradation, it loses its mechanical strength and is not

by itself an attractive biomaterial for scaffold fabrication.

2.5.2.2 Poly (lactic acid) (PLA)

Poly (lactic acid) (PLA) has been FDA approved and thus, widely used in medical
applications as implants in the human body. As polylactide has chiral molecules, thus it
can be arranged as four forms, and they are poly(L-lactic acid) (PLLA), poly(D-lactic
acid) (PDLA), poly(D,L-lactic acid) (PDLLA) and meso-poly(lactic acid) (68). Each of
the four forms of PLA, has different properties such as melting point and glass transition

temperature, which as specified in the tablel.

Table 1 Melting point Tm (° C) and glass transition temperature Tg (° C) (71)

Transition temperature mesoPLA PDLA PLLA PLA

T4(°0) 40-45/34 50-50 53-63 43

Tm (°C) -/153 Around 180 | Around 180 153
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PLA is primarily used as a non-woven mesh for tissue engineering applications such as
scaffolds for bone(72), cartilage(73), tendon(74), neural (75) and vascular(76)

regeneration.

Co-polymers of PLA (both L- and D,L-lactide forms) and PGA, known as poly(lactide-
co-glycolide) (PLGA), are the most investigated degradable polymers for biomedical
applications and has been extensively used in drug delivery applications such as
chemotherapeutics (77), proteins (78), vaccines (79) and antibiotics (80). They have also

been investigated for scaffold applications (81).

2.5.2.3  Polycaprolactone (PCL)

PCL is biocompatible, degradable and with mechanical strength that are suitable for
orthopaedic applications (82). Additionally, PCL has low degradation rate for in vivo
applications, thus it is favored as a long-term implantation device. For example,
Capronor® is a PCL based commercial contraceptive product that is used to deliver
levonorgestrel and has been on the market for over 25 years (83). PCL has been used to
fabricate tissue engineering scaffolds. One of the studies on PCL electrospun fibrous
scaffold demonstrated extracellular matrix formation when seeded with mesenchymal
stem cells (84). PCL scaffolds have also been used for cartilage (85) and vascular tissue

engineering applications (86).
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2.5.2.4 Polyethylene glycol (PEG):

PEG is a well-known biomaterial and is also know as polyethylene oxide (PEO). As it is
hydrophilic in nature, it is difficult to attach antibodies and other proteins to the PEG
scaffolds (87). By using PEG in a co-polymer, cell attachment to the scaffold is possible.
Additional, investigations have been done on PEG co-polymers including PEG-PLA

constructs, PEG-PPF, which have better degradation characteristics than PEG alone (14).

2.5.3 Natural polymers

Natural polymers are derived from the renewable resources such as plants and animals.
Scaffolds fabricated using the natural polymer has the advantage of excellent
biocompatibility and are biodegradable (88). Natural polymers that have been
investigated for scaffold fabrication are protein and polysaccharide. If they are derived
from the extracellular matrix, they would provide a cell friendly environment and allow
cells to adhere (89). Degradation of the original polymer while processing and
possessing poor mechanical strength are the two major drawbacks of natural polymer (8,
90). Some of the commonly used natural polymers for scaffold fabrication include

gelatin, elastin, fibrinogen, collagen, silk protein and chitosan (91).
2.5.3.1 Elastin

Elastin plays a critical role in connective tissues and is a vital protein in the native
extracellular matrix (92). Electrospun elastin scaffolds (93) have been fabricated and
studied with stem cells to demonstrate the regulation of cell functionality such as

proliferation, migration, and differentiation(94, 95). On other hand, elastin can be used
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in the gel form (96) or as a component in copolymers (97). Additionally, numerous
studies have been reported that employ elastin scaffolds for cardiovascular tissue

engineering purposes (98-100).

2.5.3.2 Fibrinogen

Fibrinogen plays a vital role in blood clotting and is one of the major factors in wound
healing (101-103). A naturally occurring plasma protein, fibrinogen scaffolds have been
fabricated using the electrospinning technique. These fibrin-based scaffolds have
demonstrated mechanical properties mimicking extra cellular matrix and promoting cell

migration (101, 102).

2.5.3.3 Silk

Silk protein is a versatile natural polymer for biomedical applications because of its
natural strength, biocompatibility and slow degradation rate (104). Silk scaffolds have
been fabricated using a solvent system consisting of formic acid, HFIP (H
hexafluoroisopropanol) and water as a solvent. Water and formic acid was used to
enhance the mechanical properties of the silk scaffolds (105, 106). Electrospun silk fiber
was first patented in the year 2000 (107, 108). Silk protein concentration in the fiber
spinning solution plays an important role in the fabrication of uniform fibers (109, 110).
The addition of PEO to the silk solution increase the solution viscosity (111) and aids cell
attachment and proliferation on the scaffold fabricated (112). Studies show that
mesenchymal stem cells grow well on silk scaffolds as well as on silk sponges for

ligament tissue engineering (113-115).
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2.5.3.4  Chitin and Chitosan

Chitin, a carbohydrate polymer, is found naturally in the shell of crustacean and have
been widely used in the biomedical field as it has demonstrated to be biodegradable and
non-toxic (116). Chitosan is prepared by deacetylation of the extracted chitin from the
ground shell at high pH and high temperature (117). Chitin based scaffold have been
fabricated for tissue engineering to promote structure formation and cell proliferation
(118). (119) (120). Chitin based scaffold has also been demonstrated to accelerate in

wound healing processes (121).

Chitosan scaffolds have demonstrated excellent properties that are suitable for bone
tissue engineering, which has been fabricated using chitosan alone (122-124) or with

other natural polymers like silk (125, 126), starch (127, 128).

2.5.3.5 Gelatin

Gelatin is a denatured form of collagen and has excellent biocompatibility and
biodegradability properties. Thus it is always in demand for tissue engineering (129). For
many years, gelatin has been used as a carrier for drug delivery and dressing for wounds,
but the new the growing interest is to fabricate electrospun scaffold by mixing other

polymer such as PCL (130). Gelatin scaffolds have been shown to aid the cellular
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functions of migration, proliferation, and penetration (131) and have been used for nerve

(130), hepatic (132), and cartilage(133) regeneration.

2.5.3.6 Collagen

Collagen is probably one of most used natural polymer based biomaterial which is
abundantly found in the human body. In many types of tissue various mechanical
properties, such as strength, stiffness and toughness are attributed to the presence of
collagen (47). Collagen being biocompatible, has been one of the favorable
biomaterial when it comes to in-vivo implantation using the tissue engineering
approach (134, 135). There are at least 27 types of collagen that have been discovered
(136) and they are of different structures and properties and serve different functions.
Among the different types of collagen, collagen type 1 is of particular interest in soft
tissue regeneration as it is one of the major component of the extra cellular matrix and

provides the structural integrity to tissue (137).

Among the synthetic and natural polymers that are both biocompatible and degradable
that are available for scaffold fabrication, there are other considerations that should be
taken into account. These include stability and degradation rate, ease of fabrication etc. In
addition, another highly desirable property is the intrinsic bioactivity of the scaffold

material. Among many of the natural polymers and especially those that are already part
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of the body’s extracellular matrix with collagen being a prime example, they are naturally

the preferred choice for scaffold fabrication.

2.5.3.7 Collagen type |

Collagen molecules self-assemble into triple-helical structures that are packed
together into the staggered patterns called fibril (138, 139). Type | collagen is
composed to two al and one o2 left- handed coiled polypeptide chains with the
characteristic “Gly-X-Y” amino acid sequence. In the entire sequence, glycine (Gly)
is accounted for one third of all amino acid in collagen, and the sequence Gly-X-Y is
then completed by the addition of X and Y where X and Y are in a random sequence
of amino acids (140, 141). Proline (Pro) or hydroxyproline (Hyp) constitute about
one-sixth of the total sequence (142). In addition, the sequence glycine-proline-
hydroxyproline, occurs in more than 10% of the molecule. Thus, these sequence (as
shown in figure 2) could be further explained by opting one of the following patterns
as, Gly-Pro-X or Gly-X-Hyp, where X may be any of various other amino acid
residues. Glycine is the only amino acid that contains hydrogen at both the non-
backbone atoms to the a-carbon, this allows for tighter packing of the three peptide
chains (143). These three polypeptide chains combine to create a single tropocollagen
molecule, and has an approximate length of 300 nm long and 1.5 nm wide and each

group have a gap of roughly 67nm (144).
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chain C chain B

Figure 2 Collagen type 1 sequence could be further explained by opting one of the
following patterns as, Gly-Pro-X or Gly-X-Hyp Adapted from (95)

2.6 Structure

One of the requirements for tissue engineering scaffold is interconnected porosity. This is
required for several reasons. Porosity provides avenue for cell-cell communication and
allow cells to migrate within the 3-dimensional structure of the scaffold. These pores

would need to have dimensions comparable to cell sizes in the micrometer range. In
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addition, the supply of nutrients including dissolved oxygen and the removal of
metabolites including carbon dioxide also depend on it. Generally, there are two
approaches towards the creation of porous structure in scaffolds. It can be in an integrated
form like a sponge. The porous structure can also be formed using overlapping fibers. If
nanofibers are used in scaffold fabrication, it has the advantage of maximizing cell-fiber

surface interaction and porosity can also be controlled.

2.6.1 Choice of structure

Collagen is present in nanofiber form in the extracellular matrix. A scaffold using
collagen type I as the biomaterial in the form of nanofiber would be more closely
mimicking the natural extracellular matrix environment (89, 145) . It is the purpose of
this thesis to explore the preparation of collagen nanofibers for tissue engineering

applications.

2.7 Fibrous scaffold fabrication

There are a variety of methods to convert a polymer material into fibers. Some of the
common and well-established methods include extrusion and spinning. Spinning is by
far the most popular method (146, 147) . The spinning process can be further subdivided
into melt spinning and solution spinning (81, 131). Solution spinning is more common as

it has the advantage of forming smaller diameter fibers through solvent evaporation



25

during the spinning process. This approach also avoids the concern of polymer instability
at elevated temperature like some of the proteins and can be applied to polymers without
a well-defined melting point. Occasionally additional external forces are also added to
augment the fiber spinning process. Examples of this approach are centrifugal spinning
(148) and electrospinning (14). Among these techniques, electrospinning has emerged to
be a favorite method of choice for making fibers with diameter in the nanometers to
several micrometers range (149). This will be the methods used for the fabrication of
collagen nanofibers in this study. The electrospinning process is reviewed in further

details below.

2.8 Electrospinning

In the production of fibers from biomaterials for tissue engineering scaffold fabrication,
electrospinning has emerged to be one of the most popular method of choice. This
method is versatile and simple to setup and control and is cost-effective (150). In this
technique, an electric field is used to draw fibers from a polymer solution in the fiber
spinning process (151). More than 200 polymers have been used for electrospinning
(152). Examples of biopolymers relevant to scaffold fabrication include silk fibroin

(153), collagen (11) and chitosan (154).
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2.8.1 History

The electrospinning technique has been known for over 100 years. It was first observed
by Rayleigh in 1897 (155). In his early studies, he used a high voltage source to inject
charge of a certain polarity into a polymer solution, which is then accelerated toward a
collector of opposite polarity. This technique was later studied in more detail by Zeleny

in 1914 (156).

The use of electrospinning to make polymer fibers was first patented by Formhals in
1934 (157, 158). Detailed experimental and theoretical studies was conducted by Tylor
in 1979 (159). Researchers started to be aware of the potential of electrospinning in the
mid-1990s (160). In the last two decades, potential usefulness of electrospun nanofibrous
scaffolds have been demonstrated in a variety of in biomedical applications including
wound dressing (161), artificial blood vessels (162), protective clothing material (163),
drug release membrane (164). This motivates further research activities in this area of

fiber production technology.

2.8.2 Experimental setup and the electrospinning process

A standard electrospinning setup consists of four basic components (as shown in
Figure 3). A syringe pump, with a metal needle tip, a high voltage power supply and a
grounded collector. The polymer is either melted or dissolved in a solvent, and then

fed into the syringe.
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Figure 3 A standard electrospinning set consist of a syringe pump, with a metal needle tip, a
high voltage power supply and a grounded collector.

In the electrospinning process, a polymer solution is loaded into the syringe of a
syringe pump which has a metal syringe needle tip (82). The flow rate of solution is
maintained by the syringe pump. An electric field is generated via a high voltage
power supply to create an electrostatic force between the needle and the collector.
This electrostatic force induces charge instability at the surface of the droplet, which
is directly opposite to its surface tension (165). Eventually it overcomes the surface
tension and a polymer solution jet is ejected with whipping motion from the needle
tip. During the ejection process, the hemispherical surface of the fluid at the tip of the
needle that elongates to form a conical shape known as the Taylor cone

(166). Furthermore, the jet travels in the electric field and undergoes chaotic bending
called whipping (167) before arriving at the collector electrode. Within the space
between the needle tip and the collector, the solvent rapidly evaporates thus leading to

the deposition of polymer fibers onto the collector electrode.
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The arrangement of the electrospinning set up could be either horizontal or vertical as
shown in Figure 4 (4A and 4B). These two-different types of electrospinning set-up
have been studied to optimize fiber morphology (168). Gravitational force can play a
role versus the electrostatic force, thus differentiating their effect on the fiber
morphology. In the vertical setup, the gravitational force and the electrostatic force are in
line and are acting in the same direction (Figure 4A) while in the horizontal set-up, the
electrostatic force and gravitational force are perpendicular direction to each other

(Figure 4B).

Figure 4 A Vertical set-ups for electrospinning B Horizontal set-ups for electrospinning
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The difference in the horizontal versus the vertical electrospinning setup and the effect
of gravitational forces on the process have been investigated. It has been demonstrated
that that gravity plays a role in influencing the shape of the Taylor cone although the
effect of the gravitational force is relatively small compared to the electrostatic force
being exerted on the polymer solution. This effect results in a variation in fiber
diameter (12). In another study, the authors reported that for solid fibers the vertical set
up produced smaller and finer fibers as the gravitational and electrostatic forces acted in
the same direction (169). Fiber morphology of solid fiber does depends on the
electrospinning setup arrangement. Fiber morphology was also found to be the finest
with the vertical set up. In the horizontal setup, the average fiber diameter was larger
although the fiber size was more uniform with a narrower fiber diameter distribution

(170).

The collector used in electrospinning setup is made of a conductive material. In the fiber
fabrication process, the conductive collector electrode removes any accumulated charge
on the fibers (14). Also, due to this reduction of the repulsive charges it ends up with a

compact network of fibers. On the other hand, a nonconductive collector leads to a more

loosely packed network of fibers (171).

The electrospinning process normally would result in fibers deposited onto the collector
electrode in random fashion. However, in many applications such as tissue engineering,
it is desirable to have fibers produced with controlled orientations. The ability to produce
oriented fibers has been quite extensively investigated. The main approach has been
focusing on the collector electrode design. Some of these designs are shown in Figure

5. The most basic method for fiber alignment is the use of a collector electrode mounted
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onto the surface of a rotating drum as illustrated in Figure 5A. This rotating drum is
driven by a motor at a controlled speed. During the fiber production, fiber is deposited
onto the rotating collector. Degree of alignment is varied by the speed of the drum and
the rotation speed is adjusted for maximum fiber alignment (172). An alternative method
is to use a knife-edge disk as the collector, as illustrated in Figure 5B. The rotation of the
disk coupled with the electrostatic focuses of the electric field, allowing for fiber
alignment (173). Parallel plate electrodes are also used as an alternative method for fiber
alignment. In such set up two conductive plates are separated by a non-conductive gap
and the charged jet to be simultaneously pulled in two directions (174). This causes

aligned fibers to be deposited in the space between the plates as illustrated in Figure 5C.

Figure 5 Types of collectors used to align electrospun fibers:
[A] Rotating mandrel [B] Rotating disk and [C] ‘Two-electrodes’ setup



2.8.3  Electrospinning parameters

There are numerous parameters that can influence the outcome of the electrospinning
process. These parameters can be broadly classified into three categories. These are the
polymer solution parameters, the process parameters and the environmental parameters

as shown in Figure 6 (63).

Factors effecting
electrospinning

Solution B Process B Ambient_|
parameters ‘ parameters ‘ parameters |

 Chemical
| properties of | Flow rate [ Humidity
solution ‘ | |

Physical
| properties of Applied voltage | Temperature
solution ‘

Shape of the
collector

Tip to collector
distance

Figure 6 Factors effecting electrospinning
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Polymer solution parameters are related to the physical and chemical properties of the
polymer and the solvents used whereas the process parameters defines the actual
electrospinning conditions used. The importance of the environmental parameters
principally referring to the temperature and humidity of the experimental environment

was not recognized and investigated until more recently.

Varying of some of these parameters even by small amounts can have a large effect on
the quality of resulting fibers. However, it is often difficult to isolate and study the
effects of these parameters as many of them are intimately interrelated. For example,
modifying the distance between the tip of the needle and collector plate can change the
relative electric field strength (175) and a change in polymer solution concentration can

alter the solution viscosity (176) .

In general, once the quality goals of the product fiber has been set, the fiber spinning
parameters can be adjusted by tuning any of these three groups of parameters. The
process is re-iterative and very often, it can be quite challenging to optimize these

conditions.

2.8.3.1 Polymer solution parameters

2.8.3.1.1 Polymer solution viscosity, concentration and
molecular weight
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The physical and chemical properties of a polymer and of the solvent used has a direct
effect on whether the polymer can be electrospun into fibers to fabricate

scaffolds. Solution viscosity, concentration and the polymer molecular weight has a
significant effect on the polymer solution parameters for electrospinning (177). These
parameters are interrelated to each other, as polymer concentration and molecular weight

are the two important parameters that effect the viscosity of the polymer solution.

Polymer solution viscosity has a strong influence on the success of the electrospinning
process. Too low a viscosity would lead to a failure of fiber formation while a very
high viscosity may not allow a polymer solution jet to be formed. The viscosity of a
polymer solution is a function of the polymer molecular weight and molecular

geometry as well as the polymer solution concentration.

Molecular weight and molecular geometry has a direct effect on polymer solution
viscosity (87). For a polymer with low molecular weight and at a given solution
concentration, the viscosity of the solution would be lower than that of a comparable
solution with the same polymer with a higher molecular weight. As a result, the lower
molecular weight solution may not be able to allow fiber formation. Instead, the
electrospinning process would more likely inclines to fabricate beads. But, at higher
molecular weight, the fibers fabricated tend to have a larger average diameter although
it does help in the reduction of bead formation (178). High molecular weight
polymers are often preferred for use in electrospinning as they can provide the desired
viscosity for fiber formation as fiber diameter can be tuned by adjusting the polymer

solution concentration (179).
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Molecular geometry or architecture can also have an influence on polymer solution
viscosity. There are significant differences in viscosity between linear versus branched

polymer molecules (150).

In a study of poly(L-lactide) (PLLA), an increase in polymer concentration was found to
be accompanied by an increase in fiber diameter and decrease in bead formation (180). In
this study, the fiber diameter was found to increase with increasing polymer solution
concentration, from 150-500 nm for a 2% of PLLA to 800—3000 nm for a 5% of PLLA
solution (181). At low polymer concentrations, the fibers did not dry before reaching the
collector and therefore contained a higher percentage of beads. The results was attributed

to the inadequacy in the amount of polymer entanglements available (182) .

2.8.3.1.2 Surface Tension

Surface tension of the polymer solution is an important parameter in stabilizing the
polymer solution jet in the electrospinning process for fiber fabrication (150). In the
electrospinning process the jet can be formed only if the electrostatic force overcomes
the solution surface tension. Solution with higher surface tension would lead to the
breakup of the jet leading to polymer bead formation (17). It is therefore important to
minimize the polymer solution surface tension. One possible approach is by choosing

solvents that result in lower solution surface tension.
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2.8.3.1.3 Electrical Conductivity

Since the electrospinning process depends on the completion of the electrical circuit
between the needle where the polymer solution reside and the collector electrode where
the polymer fibers are deposited. Conductivity of the polymer solution is an important
parameter that determines its success. Conductivity of a polymer solution depends on the
type of polymer and the solvent used. Since most polymers are either poorly or non-
electrically conductive, an increase in solution conductivity can be achieved by the
addition of small amounts of salt or polyelectrolytes (87). Solution electrical
conductivity also has an impact on the fiber diameter, as the conductivity of the solution
increases, jet stretching will increase, resulting in smaller fiber diameters

(183). However, another study have shown that increasing the salt concentration
resulted in an increase in fiber diameters. This was attributed to a delay in the whipping

instability due to increased polymer solution conductivity (167).

2.8.3.2 Process parameters

The process variables include the electric potential at needle tip, the distance between
needle tip and collecting electrode, the polymer solution flow rate, the needle tip design

and the collector geometry.
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2.8.3.2.1 Needle of Tip to Collector distance

The distance between the needle tip to the collector determines the flight time of the
polymer solution jet leading to the formation of solidified fiber at the collector. Several
studies show that a decrease in this distance, regardless of the concentration of the
polymer solution, results in the formation of wet fibers and beaded structures (184) . On
other hand, increasing this distance decreases the electric field gradient (12), which also
results in bead formation. Some groups observed bead formation at shorter distances,
which was eliminated when distance was increased (185). Thus, a balance between tip to
collector distance or flight time and solution parameters is necessary for successful fiber

formation and for desirable fiber diameter and morphology to be realized.

2.8.3.2.2 Applied Voltage

Applied voltage has been found to be one of the most crucial experimental parameters
that affects the electrospinning results (177). However, some contradicting effects of
voltage on fiber morphology and diameters have been reported. Fine fiber morphology
of polyethylene oxide nanofibers were fabricated using at relatively low voltage of 5.5
kV, whereas at higher potentials these fibers had a high density of beads (186). One of
studies also found that, polystyrene (PS) dissolved in the mixture of tetrahydrofuran
(THF) and N,N-dimethyl formamide (DMF) improving the morphology of the fibers and
reduced beading by increasing voltage (187). These contradicting views are due to the
different solvents systems and polymers being used. Effect of voltage is a depending

factor or coupled with other parameters of solution parameters including polymer
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properties, solvent properties, surface tension of polymer solution and solution

conductivity.
2.8.3.2.3 Flow Rate

Polymer solution flow rate determines the amount of solution being exposed to the
electric field at a given time. Studies has revealed that with the use of a solvent having a
faster evaporation rate, a lower flow rate results in the finer fiber (188). Although, a clear
relationship between the flow rate and fiber diameter was not found, its influence on fiber
morphology is quite distinct. The dimension of the needle also has an influence on fiber
sizes. Smaller needle orifices have been reported to contribute to smaller fiber diameter

(189).

2.8.3.3 Environmental parameters

Variations in environmental conditions can have a significant effect on the
electrospinning process. This effect in increasing pronounce as the dimension of the
fiber decreases. The two most important factors defining the environment conditions are
temperature and humidity. Depending on the specific polymer/solvent combination
used, small variations in these parameters can result in a large effect on the resulting
fiber morphology and diameter. Due to the relative ease in controlling the environmental
humidity, most of the studies have been on its effect. Relative humidity plays a critical
role with the electrospinning process, making it difficult to fabricate scaffolds under
certain conditions. For example, at lower humidities the polymer solution may dry up

so quickly, causing the needle to clog and impossible to fabricate fibers (190) whereas,
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in high humidity the technique fails to fabricate any fibers and electrospraying leading

to the formation of beads occurs instead (191) (192).

To optimize the morphology of electrospun fibers, polymer solution parameters and
processing conditions have been extensively studied over the past decade. On the other
hand, there have been relatively few reports on the effect of ambient parameters on fiber
morphology. One study involved a systematic investigation of the effect of temperature
on fiber diameter(193). In this study, of effect of temperature shows that fiber diameter
of poly (vinylidene fluoride) decreased with increasing temperatures (194). This
decrease in diameter is attributed to the decrease in viscosity of the polymer solution at
increased temperatures. Lower viscosity allows the columbic forces to increase
stretching giving finer fibers. In related studies of the effect of temperature on
electrospun silk nanofibers, a change in morphology of nanofibers from circular to flat
with increasing of ambient temperature from 25 °C to 75 °C (195) was observed. The
properties of solvent can play a role in influencing the effect of relative humidity on
electrospinning outcome. When water was used as a solvent of polymer solution.
Evaporation of water in the polymer solution would increase with decreasing
environmental humidity leading to a shorter time to solidification of the polymer
solution fiber. This was the case when an aqueous solution of poly(ethylene
glycol)(PEG) was used in the electrospinning process. (10, 15). On the other hand, when
alcohol or other water miscible solvents that is capable of absorbing water is used, an
increase in humidity will result in the polymer solution absorbing water leading to a
longer drying time. This would result in a longer stretching time leading to smaller

diameter fiber formation (196, 197). In related studies of the effect of humidity on
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electrospinning, correlation between fiber diameter and solvent systems used have been
observed. The diameter of polyamide 4.6, polyamide 6.9, polyethylene oxide and, poly
(vinylpyrrolidone) decreases with increasing relative humidity (198, 199). But, the
diameter of cellulose acetate, Polyetherimide (PEI) increases with increasing relative
humidity (197, 200). Another study of the humidity effect on poly(acrylonitrile) fiber
formation also shows that an increase in relative humidity resulted in an increase in fiber
diameter. The author proposed that the presence of more water molecules between the
needle and collector at a high relative humidity decreases the intensity of the electric
field leading to an increase in fiber diameter (201). All these studies indicate, that
humidity and temperature have important effects on both diameter and morphology of
electrospun nanofibers. However there is no systematic understanding of the relationship

between humidity and the polymer solution properties.

2.9 Stabilization of electrospun collagen fiber

Collagen fiber in its native state is stable in the aqueous environment. This is due to its
unique three-dimension stereochemistry that allow specific hydrogen bonding to generate
its nature structure. However, collagen nanofibers produced by processes such as
electrospinning are not stable in water. In fact, they disintegrate readily upon exposure to
water or any aqueous media due to the inability to regenerate the nature stereochemistry.
This problem is not unique to the use of the electrospinning process. Nevertheless, in
order to make use of these fibers in the fabrication of scaffold for tissue engineering, they

need to be stabilized at least temporarily. Several approaches have been used in the
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stabilization of regenerated protein materials. The commonest approach is to use a
chemical approach making use of chemical crosslinking agents. To avoid the potential
toxicity of the chemical crosslinkers, physical methods have also been explored (202-

204).

2.9.1 Chemical methods

Various techniques have been developed to impart aqueous stability to protein based
fibers. Chemical crosslinking is one of the common approach for stabilizing collagen
fiber in an agueous environment (205). Among the chemical crosslinking agents
available, glutaraldehyde is one of the most commonly used. When compared with other
know chemical crosslinking agents, glutaraldehyde gives the highest degree of
crosslinking to the material (206, 207). At higher concentration glutaraldehyde forms,
long polymeric chains, having potential to link residues in a protein that are spaced far
apart and thereby enhance the extent of crosslink formation. Studies have shown that
collagen samples crosslinked using glutaraldehyde vapor for 12 hours, had an 18%
reduction in porosity compared to the uncrosslinked or as fabricated sample (208). One
of the first study on electrospun collagen fibers used glutaraldehyde vapor as the
crosslinking agent (209, 210). But, one of the drawbacks using glutaraldehyde as a
chemical crosslinking agent is the introduction of cytotoxicity into the collagen scaffold
and as the scaffold degrades, the glutaraldehyde released would result in significant cell

death (21, 211).
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Another commonly used method is via the carbodimide approach. In this approach the
crosslinking agent can be either cyanamide or 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC) (212, 213). EDC is the most commonly studied. It has been used to
enhance the stability of collagen scaffolds in the presences of N-Hydroxysuccinimide
(NHS) and the degree of crosslinking of the collagen material can be controlled by
varying the EDC/NHS concentration (214). When EDC is used as crosslinking agent

for collagen scaffolds, the effect of crosslinking lasted up to three months (215).

Genipin is a natural crosslinking agent, and it is derived from geniposide found in the
fruits of Gardenia jasminoides (26). Genipin was originally used as a food dye before
its crosslinking properties was discovered. Genipin has been found to be ~10,000 times

less cytotoxic than glutaraldehyde.

Genipin crosslinked electrospun collagen scaffolds showed remarkable changes in
morphologies and pore sizes and the swelling ratio of the scaffolds could be tailored by

adjusting crosslinking condition (26, 216, 217).

2.9.2 Physical stabilization

Contrast to the use of chemical agents to create bonds to stabilize polymer structures, the
same can be achieved by non-chemical means (218). For example, thermal annealing can
be used to impart aqueous stability to electrospun poly(vinyl alcohol) fibers by increasing
the crystallinity of the polymer matrix without imparting significant chemical structural

changes (29). In addition, mechanical strength of the electrospun polysulfone fiber
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membranes, poly(L-lactic acid) (219) and poly(e-caprolactone) (220) fiber mats can be
improved by thermal annealing (221). Since no new chemicals are introduced, physical

crosslinking methods have the advantages of being non-toxic and simple to implement.

2.9.2.1 lon implantation

lon beam treatment is one of the unique physical processing techniques based on
accelerating ions with the required energy and then bombarding them on the target. lon
implantation takes place within a vacuum chamber and it offers us the freedom to
choose ion species energy, current and dose (218). This beam of high-speed ions is
focused on penetrating the surface and, induce chemical changes (222). lon
implantation is well known for its controllability, reproducibility and is independent of
many of the constraints associated with other processing methods (30). This method of
energy transfer offers the opportunity to be investigated as a new and novel approach to

crosslinking electrospun collagen fibers.

This unigque approach modifies the surface without damaging the surface morphology of
the polymer fiber with ion species of your own choice. Helium ions have been implanted

onto bulk collagen thin sheets to enhance their stability (223).

For a tissue engineering scaffold, the ability to tailor its stiffness, while controlling the
dose delivery, is one of the most interesting feature of ion implantation. lon
implantation on fibers were also established by successfully implanting oxygen ions

into electrospun polyurethane (PU) fibers (27) . This has been successfully



implemented onto the non-woven electrospun poly(vinyl alcohol) (PVA) fiber mats by
using nitrogen and helium ions (29, 30) . The successful use of the reactive nitrogen ion
indicates that it is also possible to perform chemical modification on electrospun
polymer fibers. This offers an opportunity to impart or enhance desirable properties into
electrospun tissue engineering scaffold materials. For example, nitrogen ions can be
implanted to enhance cell adhesion and proliferation on scaffolds (28-30) . It is the
intention in this thesis to investigate the effect of ion implantation on the stability of

electrospun nanofibers.

29.2.1.1 Simulation for ion implantation

Simulation provides a basis for the implantation of ions into the material of interest and

estimates the depth of the ion implanted and kinetic energy transfer (224) .

Stopping and Range of lons in Matter (SRIM), is a computer simulation software
package and the screen shot of the software is shown in the Figure 7. SRIM is used to
estimate the ion trajectory during implantation experiments. Calculation, for the
estimation is organized by using Monte-Carlos (statistical) algorithms. During the
calculation, it allows the ion to make the jumps between calculated collisions and then

averaging the collision results over the intervening gap.

43
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Contributions by H. Paul, D. J. Marwick, G. fer, arriso -
(c] 1984.1989.1998&. 2003, 2006 by J. F. Ziegler. M.D. . :

Figure 7 Screen shot of Stopping and Range of lons in Matter
(SRIM), is a computer simulation software package

Transport of lon in Matter (TRIM), is a software that is included in the SRIM program
package. The screen shot is shown in Figure 8 (224, 225). TRIM allows simulation of
up to eight layers of different material compositions. TRIM, estimates both the final 3D
distribution of the ions and also all kinetic phenomena associated with the ion's energy
loss as target damage, sputtering, ionization, and phonon production. These
simulations help to calculate the collision event associated with energetic ion and gives

an informative plot of collision event.
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Figure 8 The screen shot of Transport of lon in Matter (TRIM), is a
software that is included in the SRIM program package.

lon beam modification on polymer

There are two major interactions between the energetic ions and the material occurs

during implantation. These are nuclear stopping and electronic stopping. When the

energetic ions collide with the nuclei of the lattice atom, it is referred to as nuclear
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stopping and with this defect are created in the crystal structure. On the other hand, when

the energetic ions collide with electrons of the lattice atoms, it is then termed as

electronic stopping. At the end, the ion reaches the target through the implantation

path. Due to these bombardments of the ions chemical modification are induced.
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Polymer is a semi-crystalline material and ions can interact with both the crystalline and
amorphous domains. Depending on the structure of a polymer chain, for some
polymers, ion implantation can lead to a lowering of the molecular weight (226). On the
other hand, for some other polymers, the ionization process could lead to the formation
of free radicals that allow the chains to crosslink and thereby increase the molecular
weight and stability (226). In an implantation process, both of these processes coexist,
but usually one dominates over the other leading to either an increase or decrease in the
polymer molecular weight (227). It is important to select the correct implantation
parameters such as ion species, energy, beam current and dose to induce the desired
chemical modifications (226). The ability to control these implantation parameters is
very critical as excessive ion deposition, in the form of energy could result in permanent

damage to the material (27, 28).

Usefulness of ion implantation to modify materials properties have been demonstrated.
By introducing chemical modifications via boron ion implantation into polyimide and
polyethersulfone matrices, the moisture uptake behavior of both polymer membranes
was modified (228). The water contact angle of polyethylene was increased or decreased
by the implantation of nitrogen (229) or oxygen ions respectively (230). Tribological
properties of polyethylene were also modified via helium, argon (231) and nitrogen ion

implantation (232).



2.9.2.3 lon beam treatment for cell compatibility

The presence of nitrogen functionalities on a polymer surface has a strong influence on
protein absorption and cell adhesion (233). One of the studies improved the adhesion of
endothelial cells on polytetrafluoroethylene films after neon ion implantation (234). On
the other hand, fluorine ion implantation can be used to reduce cell attachment on
poly(methyl methacrylate) to reduce the long-term failure rate for ophthalmic implants

such as intraocular lens (235).

The induced ion has also been used to successfully modify the surface of natural
polymers. It has been used to treat collagen films to control platelet adhesion and

plasma protein adsorption (236).

It is the purpose of this thesis to study the preparation of collagen type | nanofibers by
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electrospinning. The electrospinning process will be optimized and the effect of humidity

on fiber quality will be investigated. In addition, the method of ion implantation will be
investigated as a method for crosslinking and stabilizing the electrospun collagen fibers.
A chemically inert ion (helium) and a chemically reactive ion (nitrogen) will be studied
to understand the chemical structural changes due to ion implantation and their
correlation to the aqueous stability of the fibers. The resulting chemical and structural
changes in the ion implanted collagen fibers will be examined. Stability of the ion
implanted collagen fibers will be assessed in an agueous environment using both water

and cell culture media as the testing media.
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Chapter 3
3  Materials and Methods

3.1 Materials

% The following were purchased from Sigma Aldrich, Oakville, ON, Canada:

1,1, 1,3,3,3 hexafluoroisopropanol (> 99%)

Stannous Chloride (anhydrous, 99.99%)

Sodium acetate trihydrate (=99 %)

Ethylene glycol (spectrophotometric grade, > 99%)

¢+ Ninhydrin (99 %) was purchased from VWR International, ON, Canada

¢ Dulbecco’s modified essential medium (DMEM) was purchased from Life
Technologies, Mustang Market, ON, Canada

¢+ Glacial acetic acid was purchased from Caledon Labs, Georgetown, ON,

Canada

3.2 Method

3.2.1 Isolation and purification of type | collagen from rat tails

Collagen type | derived from rat tail was used in collagen fiber preparation. The
crude collagen isolated from rat tails was purified using an established procedure

(237, 238). Briefly crude collagen was soaked in 70% aqueous ethanol for 30
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minutes and then air dried. It was then sterilized using UV lamp overnight. The
sterile crude collagen was purified by digesting in a 0.0175M acetic acid solution at
4°C for 7 days. The resulting solution was centrifuged at 11,000 rpm for 2 hours and
the supernatant containing the purified collagen was collected. It was lyophilized to

give the purified collagen type I in powder form.

3.2.2  Electrospinning

For electrospinning experiments, purified collagen type | as used to prepare the
electrospinning solutions. Lyophilized rat tail collagen type | was dissolved in
hexafluoroisopropanol (HFIP). Solutions with collagen concentrations of 5 and 5.5 wt%
were prepared. Collagen fibers were produced in a custom built environmental control
chamber at controlled temperature of 21 + 2 °C. The relative humidity was controlled
over the range of 10 — 70 = 5 %. A voltage of 20 kV, (Glassman High Voltage Inc.) and
a distance between the syringe needle (22-gauge) and the collector electrode of 20 cm
were used. Collagen solution flowrate was controlled by a single syringe pump (KD
Scientific Inc.) at 0.15 mL/hr. Electrospun fibers where collected on a custom designed

stationary aluminum collector as shown in Figure 1 for further characterization.
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Figure 9 : The electrospinning setup with a collector

3.2.3 lon implantation

There are two major interactions between the energetic ions and the material occurs
during implantation and they are Nuclear stopping and Electronic stopping (239). When
defects are created in the crystal structure due to the collision of ion with the nuclei of the
lattice atom, such defects are referred as Nuclear stopping. On the other hand, when the
collision is with electrons of the lattice atoms it is then referred as electronic stopping in

such stopping defects are extraneous.

At the end the ion reaches the implantation path and are stopped, which induces the

chemical modification and this doping site depends on the reactivity of the ion (240).

In this study, Nitrogen (N*) and Helium (He") ions are used for crosslinking. And,

these the ion beams are generated using 1.7 MV Tandetorn accelerator (from The
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University of Western Ontario). There are two ion sources (as shown in the figure 2
below), duoplasmatron for He~ from Helium gas and sputter sources for N” from
graphite—boron nitride, shown at the right are capable of generating a wide range of non-

radioactive elements for the beams.

The tandem accelerator accelerates the ions in two stages. First, the negative ions
produced from the sources are attracted by the high positive voltage at the terminal
halfway down the accelerator tank. In the terminal, they pass a short section called the
stripping canal; the negative ions lose two or more electrons in collisions with a
stripping gas (N2). Then at the second stage, the now positive ions are accelerated away
from positive terminal voltage. This tandem effect is very effective to generate high-

energy ion beams with energies up to a few MeV.

Rutherford Backscattering
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Figure 10 Image: Courtesy of Tandetron Lab at University of Western Ontario.
Nitrogen ion (N*) and helium ion (He*) beams were generated using the General
lonex 1.7 MV tandetron accelerator at The University of Western Ontario.
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The beam currents were kept below 200 nA. lon beam treatment was performed with the
sample placed vertically at room temperature in ultra-high vacuum (107 torr). An ultra-
high vacuum beam line is necessary to keep the beam line free of residual gas. This
prevents beam intensity reducing collisions between the ions and the molecules, or the

formation of a contamination layer on the sample during the implantation.

Figure 11 Implantation stage Image: Courtesy of Tandetron Lab at University of
Western Ontario

In our work, Nitrogen (N*) and Helium (He™) ion beams are generated and implanted on
the fabricated fibers on silicon wafers. Energies of N* and He™ beam was 1.7 MeV and

520 keV, respectively.

Nano fibers, were fabricated on the silicon wafer and each of the sample size were ~1.9

cm. These samples were mounted on the sample holder with 1.0um thick tantalum (Ta)
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foil (Ta. 99.9% purity, Goodfellow Cambridge Ltd.) The thickness of the Ta foil was
determined by the simulation software package SRIM-2008(239) (241) (242) that
provides, theoretical estimation of the energies in our case. The projected estimation
from the software, gave us the doping depth profiles and the total deposited energy
distribution of the two-ion species in the collagen fibers after transmission through the
Ta foil. More so, the simulation takes into account of each ion beam straggling in the
foil, which is a process that magnifies the energy distribution of an ion beam when

single ions interact randomly.

Ta foil, has two advantages in this work. First, it reduces the energy that reaches the
collagen fibers, preventing it from the burns due to overheating. Second, the advantage of
using ion beam with a broad energy spectrum, as opposed to a monochromatic energy, is
that the implanted ions have a more uniform distribution of the treated materials. If using
a mono-energy ion beam, the depth profile of the implanted ions will have a normal
distribution with the maximum ion concentration located inside the treated material and
minimal ions up on the surface or near surface region. Also, by doing so the area at the
maximum normal distribution will burn and damage the amine/amide functional groups
on the collagen sample surface and, which would lead to no crosslinking process or ion
beam treatment of the given sample. In other words, the selective use of a broadband
energy ion beam may be advantageous for controlling the depth distribution of ions

within the collagen nanofibers.

The stimulation results, using a 1.0 um thick Ta foil reduces the initial ion energies of 1.7
MeV for N* and 520 keV for He" to energy distributions ranging from 0 to 300 keV for

N* and 0 to 100 keV for He™. Table 3.2, gives the specification of two different ion
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species used to crosslink the collagen fibers with two different energies, and three

different doses.

Table 2 The specification of two different ion species used to crosslink the collagen
fibers with two different energies, and three different doses.

Nitrogen (N ") | Helium (He )
Energy: 0to 300 keV | 0to 100 keV
Dose (ions/cm?): 4 x10%
Dose (ions/cm?): 8 x 101°
Dose (ions/cm?): 1.2 x 10%

Figure 12 A: Design of sample holder B: Sample holder
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3.3 Characterization

3.3.1 Fiber stability

Fabricated electrospun collagen fiber was stabilized using ion beam implantation. This
implantation was varied using two different species and three different doses of each.
The fabricated collagen fibers were highly hydrophilic in nature and spontaneously
dissolved upon contact with water. The as-spun collagen fibers are not stable in aqueous

environment.

A: As - spun in water for 1min B: Electrospun scaffolds

Figure 13 : A: As-spun in water for Imin B: Electrospun scaffolds The line indicates the water
surface. The left part of the sample was immersed in water.
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Figure 13, above shows an as-spun scaffold after soaked in water for 1 minute. The
fibers immersed in water completely lost their fiber morphology and gelled. Due to the
hydrophilicity of the as-spun collagen fibers, even the fibers above the water surface
attracted water and readily absorbed water and swelling and deformation are observed in
the test sample. In order to stabilize the collagen fibrous scaffolds in aqueous
environment, the scaffolds were treated with energetic helium and nitrogen ion beam at

the Tandetron lab at UWO.

A systematic study was carried out to determine the collagen fiber stability on each
crosslinked ion. Two different ion species treatment was carried out, to study the
comparative effect of each ion. Each of these ion species, were varied with three
different ion doses. After crosslinking, each sample was exposed to water and cell
culture media (DMEM) for 7 days respectively. Each of the sample, were imaged using
SEM to study the morphology changes, after seven days’ implantation (for each of the

conditions).

3.3.2  Scanning electron microscopy (SEM)

Each of the experiments were done on a different day and/or different months to see the
consistency and reproducibility of the work. Collagen fiber size and morphology were

determined using a high-resolution scanning electron microscope by using a Leo
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1540XB (LEO Electron Microscopy Ltd). The fibers were not sputter coated and an

accelerating voltage of 1 kV to 3 kV was used.

3.3.3 Fiber diameters

A Java based image processing program, Image J (National Institutes of Health) was used

to measure the fiber diameter and understand the morphology of the images.

Four SEM images were acquired for each crosslinked collagen nanofibers and, twenty-
five fibers were randomly picked from each image and measured. Thus, the total fiber
diameters measured were 100 for each image (sample). Each condition was repeated six

times to get, approximately 600 + fibers were measured for each of the conditions.

3.3.4 Fiber stability in aqueous media

The average as-spun fiber was then calculated as Das-spun. Fiber diameter of crosslinked
(ion implanted) sample for 100 fibers was measured for n-6, for both the ion species for
implantation (He™ and N¥) and, for three different ion doses. Average of ion implanted

crosslinked collagen fibers, for each condition was measured as D crosslinked.

The change in fiber diameter was determined using the following equation:
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( D crosslinked - D as-spun)

% Change in diameter after ion implantation = 100 % X D as-spun

Each of the ion implanted, crosslinked collagen nanofiber (samples) were tested for seven
days for aqueous stability using swelling effect as a factor after soaking the sample in

water (H20) and cell culture (DMEM) for seven (7) days.

Each (ion implanted) crosslinked sample (for both the ion species for implantation (He *
and N*) and, for three different ion dose), were cut in half and one half was placed in
distilled water, while the other half was placed in cell culture media (DMEM) for the seven
days. These treated samples were rinsed with water to remove any salt deposition on fiber
over time and, then imaged using SEM. Average fiber diameter, as Dsinai Was calculated

for both, water and cell culture media (DMEM).

The percentage of swelling, was then calculated, by using the formula below.

% Change in diameter after exposure to aqueous solutions

(D final - D crosslinked )

— 0,
100% x D crosslinked

3.3.5 X-ray photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a highly sensitive surface analysis technique,

and it analysis depth of 1nm to 10 nm from the surface. XPS, technique is used to



77

determine the elemental composition of chemical in electronic state of the elements that
exist at a sample surface. XPS uses low energy X-ray photons to penetrate through the
surface and excite the core electron of each individual atom in the sample. The kinetic
energy of an electron that escaped from the surface is equal to the difference between the
incident photons energy (hv) and the binding energy of the electron in the atom, it also

includes a correction for the work function of the electron(243).

XPS technique was, conducted twice on collagen nanofibers sample, right after the fibers
were fabricated and these results mimicked, as control to the experiment. The second
scan was done on ion implanted, crosslinked collagen nanofibers to study the chemical
composition after ion implantation. Two different resolutions of spectra are generated to
analysis these results. First, a full survey spectrum scans and reveals the elemental
composition of the surface. And, the second is the high-resolution spectrum performed to

collect in depth study of chemical bonding characterization on the sample.

The number of electron is independent on the chemical state, each electron detected at a
kinetic energy represents one specific element present at the sample surface. Every
orbiting electron in an atom is sensitive to the chemical environment of the atom and
more so, the binding energy shift is dependent on the chemical state and the molecular

structure.

The XPS system from Kratos Axis Ultra with a 210 W Al-Ko monochromatic source was
used to analyze chemical modifications resulting from the ion implanted collagen
nanofibers. For this study, the full scan pass energy of the survey scan was 160 eV and

the high-resolution scan was 20 eV. The program CasaXPS (Casa Software Ltd.) was
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used to construct and curve-fit multiple peaks for the data envelop that appeared in the
core-level energy spectra based on the built-in Marquardt-Levenberg (244) optimization

algorithm.

3.4 Fiber degradation of crosslinked collagen nanofibers

Ninhydrin assay was conducted on each condition after ion implantation. The main
objective was to quantify the amount of free primary amine group right after
implantation. Although, this assay does not provide any information on the density or
nature of crosslinking. But, estimating the free amine group in the given sample right
after crosslinking, it will give the rate of the degradation of these ions implanted fiber
with respect to the dose delivered. And this, quantification of the free amine group will
also provide us with a good indication of the degree of crosslinking of electrospun

collagen nanofibers.

Each of my samples for ninhydrin assay, were fabricated by electrospun technique on
1cm by 1cm silicon wafer with same time interval of fifteen (15) minutes. These samples
were then ion implanted with respective dose, energy and species. Control (n=3) to this

experiment were the as spun electrospun collagen nanofibers.

A ninhydrin solution was prepared according to Starcher et al.(245), however the
quantities were different. A 4 N sodium acetate buffer was prepared by dissolving 544 g
of sodium acetate trihydrate in 100 ml of glacial acetic acid and 400 ml of distilled water.
The solution was left to mix overnight and the final pH was measured to be 5.5. A

stannous chloride solution was prepared by adding 100 mg of SnCI2 to 1 ml of ethylene
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glycol. The ninhydrin solution was prepared by dissolving 800 mg of ninhydrin in a
mixture of 30 ml of ethylene glycol and 10 ml of the 4 N acetate buffer. 1 ml of the
stannous chloride suspension was added and the solution was stirred for one hour. A

linear calibration curve was created using different glycine concentrations.

Crosslinked samples were then placed in vials containing 2 ml of distilled water mixed
with 1 ml of the ninhydrin solution. The vials were placed in an 80 °C water bath for 15
minutes and then left to cool down. A Beckman DU spectrophotometer was used to
measure the optical absorbance at 570 nm, which is the typical absorbance for the purple
complex that is formed upon the reaction of ninhydrin with amino acids. After measuring
the absorbance, the calibration curve (Refer to Appendix) was used to determine the
concentration of free amino acids in solution. Followed by calculating the degree of
crosslinking. We used following formula to calculate the degree of crosslinking at

different dose and energies.

The degree of crosslinking was determined by the following equation:

[AC non — crosslinked — AC crosslinked] * 100
AC non — crosslinked

Degree of crosslinking % =

Where AC is the Amine concentration at different dose.
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3.5 Statistical Analysis

All statistics were performed using OriginPro8 (OriginLab corporation).
Propagation of error, over lapping law were done on the data using Microsoft Excel

(Microsoft Corp).
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Chapter 4

4 Effect of humidity on electrospun polymer fibers

4.1 Introduction

Polymers in the form of submicron fiber find a broad range of applications in areas

ranging from non-woven filter medium to scaffold for tissue engineering (163, 246-249).
They also find a wide range of application in the formation of polymer composites (165,
250-258). Diameter, fiber surface morphology and quality are important parameters that

often determine their suitability for specific applications.

Electrospinning is a popular method used to produce submicron polymer fibers. Most of
the fiber preparation process parameters have been extensively studied for the control of
fiber size and morphology(12, 14-18, 259-266) . However, there remain a group of
parameters that little attention has been paid to until recently. This are the environmental
parameters of the electrospinning process [17, 18, 22]. The environmental parameters
include temperature and humidity of the fiber formation environment. Between these two
parameters, it is probably easier to control the environmental humidity than its

temperature. Moreover, some polymers, especially the biopolymers, have limited thermal
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stability. As a result, most of the studies reported on environmental control to date have

been on the humidity effect on the electrospinning process [30 — 36].

The impact of humidity on electrospinning towards fiber formation using polymer
solutions has been assessed mostly in terms of its effect on fiber diameter. The effect of
humidity on polyethylene oxide (PEO) fiber formation by electrospinning with water as
the solvent was reported by Tripatanasuwan et al.(193). An inverse relationship between
humidity and fiber diameter was reported. That is, as humidity increases, fiber diameter
decreases. In another study on poly(acryolnitrlie) (PAN) and polysulfone (PSF) fibers
using dimethyl formamide (DMF) as solvent, the opposite trend on diameter dependence
on humidity was observed (201). A study by Hardick et al.(267) on the temperature and
humidity effect on electrospinning found that for cellulose acetate with a a degree of
acetylation of 40 % in a solvent system consisting of 40/40/20 of acetone/DMF/ethanol
was used, the fiber diameter increases with increasing humidity at 25 °C. More recent
studies include polyamides in a mixed formic acid/acetic acid solvent system which
demonstrated the inverse effect of humidity on fiber diameter (268); polyetherimide with
either N-methyl-pyrollidone (NMP) (269) or with NMP, DMF and dimethyl acetamide
(DMAC) as solvents (200) demonstrated a positive correlation of humidity with fiber
diameter. A study on the humidity and solution viscosity effect on the electrospinning of
polycaprolactone (PCL) in chloroform/DMF 80/20, poly(ethylene glycol) (PEG) in
chloroform and poly(carbonate urethane) (PCU) in DMACc further highlights the
importance the enviromental parameters on fiber formation and fiber structure and

morphology (270). For PCL and PCU, continuous fibers were formed at ~50-60 %
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humidity. For PEG, continuous fibers were not formed over the humidity range (5-75 %)
investigated. These studies established the causation between humidity of the
electrospinning environment and product fiber diameter when polymer solutions were
used in the process. However, the rationale behind the seemingly conflicting trends of the

humidity effect on fiber diameter and morphology is still not well understood.

Recognizing the importance of the role of submicron fibrous scaffold in tissue
engineering, we have carried out a study of the humidity effect on collagen type 1 and
PCL fiber formed by electrospinning using the water miscible solvents of
hexafluoroisopropanol (HFIP) and trifluoroethanol (TFE) respectively. Collagen is the
major protein in nanofiber form in the extracellular matrix of mammals. It is a natural
choice as a scaffold material although the electrospun fibers have to be further stabilized
(25, 26, 271-274) . PCL is a synthetic biocompatible polyester which, in various
microporous forms, have been investigated extensively as tissue engineering scaffold
(275-282) The ability of use the humidity to control and tune fiber size and morphology
will be investigated. Based on our results, and additional data in the literature, we will
also demonstrate a basis to better understand the mechanism controlling the trends of
fiber diameter dependency on humidity derived from polymer solutions using the

electrospinning process.

4.2 Experimental
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Collagen type | derived from rat tail was used in collagen fiber preparation. The crude
collagen isolated from rat tails was purified using an established procedure (237, 238).
Briefly crude collagen was soaked in 70% aqueous ethanol for 30 minutes and then air
dried. It was then sterilized using UV lamp overnight. The sterile crude collagen was
purified by digesting in a 0.0175M acetic acid solution at 4°C for 7 days. The resulting
solution was centrifuged at 11,000 rpm for 2 hours and the supernatant containing the
purified collagen was collected. It was lyophilized to give the purified collagen type I in

powder form.

For electrospinning experiments, purified collagen type | as used to prepare the
electrospinning solutions. Lyophilized rat tail collagen type | was dissolved in
hexafluoroisopropanol (HFIP). Solutions with collagen concentrations of 5 and 5.5 wt%
were prepared. Collagen fibers were produced in a custom built environmental control
chamber at controlled temperature of 21 + 2 °C. The relative humidity was controlled
over the range of 10 — 70 + 5 %. A voltage of 20 kV, (Glassman High Voltage Inc.) and a
distance between the syringe needle (22-gauge) and the collector electrode of 20 cm were
used. Collagen solution flowrate was controlled by a single syringe pump (KD Scientific
Inc.) at 0.15 mL/hr. Electrospun fibers were collected on the collector electrode for

further characterization.
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For electrospinning of PCL fibers, a solution of 12 wt% PCL was prepared by dissolving
PCL (Mn = 80 kDa, Sigma Aldrich) in trifluoroethanol (TFE) (Sigma Aldrich) at room

temperature.

Electrospun PCL fibers were produced using the electrospinning technique in an
environmental controlled chamber similar to the one used for the preparation of collagen
type | fibers. A potential difference was applied between the collector electrode and a
metal syringe containing the PCL solution. The collector electrode was placed 20 cm
away from the tip of the needle at a potential of 20 kV by connecting to a high-voltage
power supply (Glassman High Voltage, Inc.). A syringe pump (Model 33, Harvard
Apparatus) was used to extrude the PCL solution at a flow rate of 0.15 mL/hr. PCL fibers
were electrospun at room temperature in a controlled humidity environment with the
relative humidity ranged from 20 to 55%. The temperature and relative humidity were
recorded at the beginning and the end of each run using a humidity and temperature
monitor (OMEGA Engineering Inc.) to ensure the temperature and humidity level were
maintained at 21 + 2 °C and within £ 5% relative humidity respectively. All fibers were

collected for further characterization.

Humidity control was achieved using a custom built split flow chamber. A dry nitrogen
stream was split into two. One stream flowed through a water bath where it was saturated
with water vapour and the other stream remained dry. Relative humidity was controlled
by controlling the ratio of the blending of these two streams. A humidity control within

the range of 10 — 70 £ 5 % RH at a temperature of 21 + 2 °C can be achieved.
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Electrospun PCL and collagen fiber size and morphology were determined using a high
resolution scanning electron microscope (LEO 1540XB). The fibers were not sputter
coated and an accelerating voltage of 1 kV was used. For fiber diameter determination,
the ImageJ software (NIH, Bethesda, MD, USA) was used. For each RH used, four SEM
images were acquired at different locations for each sample. For each image, 30 fiber
diameters were measured at randomly selected locations. Thus, a total of 120

measurements were made for each sample.

To examine the detailed fiber surface morphology, high resolution SEM images were
acquired. These images have resolution of ~ 20 nm to ensure that any detailed

morphological feature can be visualized.

4.3 Results and Discussion

It has been shown in the literature that good quality collagen fibers can be produced via
the electrospinning process by using an appropriate choice of process parameters, solvent
used and solution concentration (11, 216). In the present study, we have determined that
using a collagen solution at a concentration of 5 — 5.5 wt % and HFIP as solvent, an
extrusion tip to collector distance of 20 cm and a voltage of 20 kV allowed for the

production of good quality fibers.
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At constant humidity, fiber diameter can be controlled by varying the collagen solution
concentration. Thus, at a collagen concentration of 5 wt %, nanometer diameter fibers
were produced. An increase of the collagen solution concentration from 5 to 5.5 wt %
resulted in fibers with diameters in the micrometer range. In both cases, the effect of
environmental humidity was systematically investigated and the results are shown in

Figure 1A and Figure 1B.
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Figure 14 Effect of humidity on average fiber diameter of electrospun collagen fibers
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There were several reports in the literature on collagen fiber preparation using
electrospinning (26, 283-285) . In these studies, humidity of the electrospinning
environment was not controlled. As a result, its effect on the resultant fiber diameters had
not been reported. As shown in Figures 1A and 1B, based on our current results, a
significant and systematic dependence of fiber diameter on the ambient humidity of the
electrospinning environment was observed. These results illustrate the importance of
taking the environmental parameters such as humidity into consideration to ensure
experimental reproducibility. Moreover, humidity as an electrospinning parameter also
provides an opportunity to fine tune the fiber diameter range which may be important for

a given application.

In tissue engineering, one of the approaches to construct a porous scaffold is by way of
assembling submicron fibers. Collagen fiber, in submicron dimensions, is a component of
the extracellular matrix. The use of collagen fiber based scaffold is therefore an attractive
alternative in tissue engineering. Results in Figures 1A and 1B show that by controlling
the humidity of the electrospinning process, fibers in the range of less than 50 nm to
about 1000 nm can be produced. This range of size control via humidity control would
allow for tuning the collagen fiber diameter for an intended application. For example, a
recent report of the structure of the tympanic membrane that consists of two layers of

collagen fibers with local orthogonal organization, the collagen fibers have diameters in a
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narrow range centered around 30 nm (286). For tympanic membrane repair, the humidity

parameter can be used advantageously to tune

fibers diameter to within the appropriate range similar to that of the natural tissue for use

as scaffold which can also be implanted directly.

In addition to fiber diameter, effect of humidity on the quality of collagen fibers were
also assessed in terms of their fiber morphology and fusion of overlapping fibers. High
resolution SEM images of collagen fibers prepared at 5 wt % solutions are shown in
Figure 2. It can be seen that at a resolution of up to ~20 nm, the fibers surface is smooth
and free of pores and other imperfections. This indicates that no premature phase
separation of the components in the polymer solution took place in the electrospinning
process. Moreover, the fibers are free standing without fusion of overlapping fibers. This
is an indication that sufficient time had been given to allow the solvent to evaporate in the

solution jet as the fiber arrives at the collector electrode surface.
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Contrast to the collagen fibers and as shown in Figure 3, the PCL fibers we prepared

from a solution with TFE as solvent, no clear fiber diameter dependency on humidity was
observed. High resolution SEM images shown in Figure 4 demonstrate that, similar to the
collagen fibers shown in Figure 3, these fibers are free standing and have smooth surfaces

and are free of pores and other defects.
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Figure 16 Effect of humidity on average fiber diameter of electrospun polycaprolactone
(PCL) fibers using a 12 wt% PCL in trifluoroethanol solution
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Figure 17 SEM micrographs of electrospun PCL nanofibers prepared using a 12 wt% PCL
in trifluoroethanol solution at different relative humidity levels (a) 20%; (b) 25%; (c) 30%;
(d) 35%; (e) 40%; (f) 45%; (g) 50%; (h) 55%; (i) 60%. The scale bar (500 nm) at the |

Since PCL is a biocompatible and degradable polyester that has been studied extensively
for tissue engineering applications, it is important to be able to process it into fibers for
the fabrication of scaffolds (277-279, 287, 288). Our method is capable of delivering
fairly good quality submicron diameter fibers with average fiber diameter of 79 £ 23 nm

that are free standing and are defect free. Moreover, increasing humidity has very little
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effect on the resulting fiber diameter indicating any ingression of water into the polymer

solution jet does not affect the solidification process.

Although there were numerous studies in the electrospinning of PCL fibers (177, 277-
282, 287-291) the effect of humidity on the resulting fiber diameter remain sparsely
studied. Our current results can be contrasted with recent results reported in the
literature(270). This study used a solvent system of chloroform/DMF 80/20. Within a
narrow humidity range of ~50 — 75 %, continuous fibers were formed. Outside this range,
broken fibers were produced. Moreover, these fibers were with relatively rough surfaces
and were porous. The difference between our results versus the literature may be
attributed to the properties of the solvents chosen. Our PCL solution was prepared using
trifluoroethanol (TFE) as the solvent while the previous report used a mixture of
chloroform/DMF 80/20. While TFE is miscible with water, chloroform, the major
component in the chloroform/DMF 80/20 solvent system is not. In fact, we determined
that water is not miscible with the chloroform/DMF 80/20 solvent system. In this case,
any water ingression into the polymer solution from the environment can trigger phase
separation leading to the formation of micro droplets in the polymer solution, which
could lead to the formation of pores and other imperfections in the fiber and rough

surfaces as have been reported (270).

Our results on collagen and PCL fibers, together with additional data of the humidity

effect on the electrospun fiber diameter in the literature, are collected and presented in
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Figure 5. These results demonstrate the importance of the control of humidity of the
electrospinning environment for consistent results. Moreover, this effect can be
advantageously used to produce fibers of the desired diameters. The correlation between
fiber diameter and humidity seems to be rather random. This should not be a surprise
considering the properties of the polymers used range from the very hydrophilic (e.g.
PEG) to the very hydrophobic and polar (e.g. PAN) and those with properties somewhere
in between. In addition, the solvent used have properties that range from protic (e.g.
water) to polar aprotic (e.g. DMF) with water miscibility properties varying from
miscible (e.g. HFIP) to immiscible (e.g. chloroform). However, on closer inspection of
the data in Figure 5, it can be seen that the results can be broadly classified into three
groups. There is a group of polymer fibers that were derived from polymer solutions with
water insoluble polymer and water miscible solvent that exhibit positive correlation
between humidity and fiber diameter (Group 1). Fibers derived from polyacrylonitrile
(PAN), polysulfone (PS), polyetherimide (PEI) and cellulose acetate (CA) belong to this
group. Fibers derived from polymer solutions consisting of water soluble/swellable
polymers in water miscible solvents would produce polymer fibers that show the reverse
trend (Group 2). That is, their fiber diameters decreases with increasing environmental
humidity. Poly(ethylene oxide) (PEO), collagen and polyamides 4.6 and 6.9 (PA) fibers
falls within this group. There is also the case that the polymer fibers that exhibits little
humidity effect on their fiber diameters (Group 3). The PCL fibers we prepared using the

water miscible TFE as solvent falls into this group.
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An understanding of the fiber diameter — humidity correlations of fibers produced by the
electrospinning process would aid in the design of the polymer solution based

electrospinning process and the prediction of the quality of the resulting fibers.

The electrospinning process using a polymer solution leading to solid polymer fiber
formation and deposition at the collector electrode is fairly well understood and

documented (14-17, 260, 261, 265).

If electrospinning is carried out in the absence of humidity or under the assumption that
the effect of humidity can be ignored, for optimum fiber formation, the process would
start with the polymer solution being extruded out of the nozzle, follow by the polymer
solution jet being stretched by the electric field gradient as it travels towards the collector
electrode. During this time, solvent evaporates and the polymer fiber solidifies. Ideally,
solidification should take place as the solution jet arrives at the collector electrode to
allow for maximum stretching for the formation of minimum diameter solid fiber. In
reality, the timing for solvent evaporation/polymer solidification and arrival of the fiber
at the collector electrode is seldom perfect. Two possible outcomes can be envisioned.
The mismatch could lead to early solidification of the polymer solution jet. That is, solid
fiber is formed well before reaching the collector electrode without making full use of the

stretching effect of the electric field gradient. In this case, fiber size will be larger than
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optimum. If this mismatch leads to late solidification of the polymer solution jet, solid
fiber would not be formed upon reaching the collector electrode. This could lead to a

failure of fiber formation, distorted fiber morphology and fusion of overlapping fibers.

As the results in Figure 5 show, humidity does have a significant and systematic effect on
the outcome of the electrospinning process using polymer solutions. To understand his
effect, we have to take into account the properties of the polymer as well as the solvent
and their interaction with water in the form of humidity. For the purpose of our
discussion, the polymers used can be broadly classified as either water insoluble or water
soluble/swellable. Solvents used are either water miscible or immiscible. There could
also be cases where solubility can be attributed to specific chemical

interactions/reactions.

For a polymer solution consisting of water insoluble polymer dissolved in a water
miscible solvent/solvent system, the presence of humidity in the electrospinning
environment will decrease polymer solubility but the solution would remain in a single
phase and is homogeneous. The insolubility of the polymer in water would result in solid
fiber formation taking place earlier than in the absence of humidity. Time to solid fiber
formation will decrease as humidity increases. As a result, increases in humidity will lead
to an increase in fiber diameter thus explaining the polymer/solvent systems that give
results falling within Group 1. However, increasing humidity will not have significant

effect on the morphology and structure of the fibers. As shown in Figure 5, experimental
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systems that fall into Group 1 behavior include PAN/DMF; PSF/DMF; PEI/NMP;
PEI/DMF; PEI/DMACc; PEI/NMP and cellulose acetate/acetone:DMF:ethanol 40:40:20

[31, 34, 35].

In the case when a water insoluble polymer is dissolved in a water immiscible
solvent/solvent system for electrospinning, increase in humidity will decrease polymer
solubility and creation of a new phase of micro/nano-water droplets. Since the polymer is
insoluble in water, solid fiber formation will take place earlier than in the absence of
humidity. The end result would be an increase in fiber diameter with increasing humidity.
With water in the form of dispersed micro/nano-droplets, the most likely results are
formation of non-continuous or broken fibers and failure of fiber formation. There will
also be significant effect on fiber morphology and structure, and could lead to rough
surfaces and porosity. Result in the literature that falls into this category is

PCL/chloroform:DMF 80:20 (270).

When the electrospinning solution is made up of water soluble/swellable polymer with
solvent that is either water or water miscible, the presence of humidity will decrease
polymer solution concentration. With the reduction of polymer solution concentration,
solid fiber formation will be delayed than in the absence of humidity. This would allow
the polymer solution jet to take full advantage of the stretching effect due to the electric
field leading to smaller fiber diameter. As humidity increases, the fiber diameter will
decrease progressively giving rise to behavior that falls within Group 2. The progressive

dilution of the polymer solution may also lead to failure of fiber formation; distorted fiber
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morphology and fusion of overlapping fibers. However, this will not have significant
effect on the surface morphology and structure of the fibers. As shown in Figure 5,

experimental systems that belong to Group 2 include PEO/water and collagen/HFIP.

Irrespective of whether the polymer/solvent systems behavior fall within Group 1 or
Group 2, their sensitivity to humidity are not necessarily the same. This difference in
sensitivity can be taken as an indication that the tolerance of the polymer solution to
humidity which can be expressed from the polymer — water — solvent phase diagram
(200). There exists the possibility that within the humidity range being considered, the
effect on diameter is very small or minimal. This is the case for the PCL/TFE system

reported in this study and falls within Group 3 of our classification.

When a water immiscible solvent is used to prepare a water soluble/swellable polymer
solution, water ingression due to non-zero humidity will create a new phase of
micro/nano-water droplets in the polymer solution jet with polymer distributed between
the two immiscible phases. Depending on the relative solubility of the polymer in the two
phases, fiber formation and humidity effect on fiber diameter would be difficult to predict
and would likely result in the formation of broken fibers or failure to form fiber. If fibers
can be formed, the presence of two phases in the polymer solution jet will have a
significant effect on fiber morphology and structure and could lead to rough surfaces and
porosity. Behavior of the PEG/chloroform system is consistent with the description of a

water soluble polymer/water immiscible solvent system (270).
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When a water insoluble polymer is dissolved in a solvent system via specific
polymer/solvent interaction which is miscible with water to form the polymer solution for
electrospinning, consideration has to be given to the specific interaction effect. One such
system is the polyamides dissolved in a solvent system consisting of a mixture of formic
acid and acetic acid. In this solvent system, formic acid is the solvent and acetic acid is a
non-solvent. Dissolution of polyamides in formic acid involves the protonation of the
amide groups in the polymer to form a polyelectrolyte (198, 292-294) . In this case,
humidity ingression into the polymer solution jet results in a dilution of the polymer
concentration but will allow a single homogeneous phase to be maintained. The net result
would be a decrease in fiber diameter with increasing humidity (Group 2 behavior) as

reported (268) and shown in Figure 5.

4.4 Conclusions

The preparation of collagen type 1 and PCL fiber by electrospinning and the effect of
humidity on fiber diameter and morphology have been investigated. While collagen type
1 fiber diameter showed an inverse dependence on humidity, PCL fiber size is relatively
independent of humidity. These results were explained in terms of the solubility of the

polymer in water and the water miscibility properties of the solvents used.

Depending on the polymer solubility in water and the solvent miscibility with water, fiber

diameter dependence on humidity can be classified into 3 groups. Group 1 consists of
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polymer solutions that give fibers with fiber diameter increasing with increasing
humidity; Group 2 with fiber diameter decreasing with increasing humidity and Group 3
with fiber diameter showing little or no dependence on humidity. This classification leads
to a more rational understanding of the past and current results. It would also be useful in
the planning of electrospinning experiments in terms of choice of solvent system for a

polymer of interest.
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Chapter 5

5 Preparation and ion beam stabilization of electrospun
rat tail collagen type | fibers

5.1 Introduction

The loss or failure of a tissue or organ is devastating to human health. There are limited
options available other than tissue or organ transplantation (2). With the shortage of
donors, the gap between supply and demand is increasing. One emerging approach for
solution is to engineer and construct living biological substitutes. This approach is known
as tissue engineering (33). Among the ingredients necessary for tissue engineering, the
design and fabrication of the scaffold is an important factor to ensure its success as it
provides the environment for cells to survive and perform the necessary regeneration. The
scaffold has to be made of a biocompatible material with the appropriate structure and
mechanical properties. Moreover, it should be degradable at a rate that commensurate with
the deposition of the natural extracellular matrix. Natural and synthetic polymers that are
biocompatible and cell compatible are the materials of choice as many of the required
properties can be tailored for specific tissue engineering applications. When suitable
synthetic and natural polymers are both available, there is always a tendency to prefer the
natural material. This is especially true if it is a component of our own extracellular

matrix.

Among the natural polymers available, collagen is probably one of the most attractive

biomaterial in tissue engineering applications (134, 135). It is present in nanofiber
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form in the extracellular matrix. In many types of tissue their mechanical properties,
such as strength, stiffness and toughness are attributed to the presence of the collagen
fibers (46). Among the different types of collagen, collagen type I is of particular

interest as it provides the structural integrity to the tissue (136).

In the design and construction of a tissue engineering scaffold, the structural aspects
would have to also be considered. A porous structure is necessary as it would not only
allow for cell migration but would also allow for the transport of oxygen, carbon dioxide,
nutrients and metabolites into and out of the three-dimensional scaffold structure. There
are two popular approaches to the formation of porous structure. It can either be a sponge
like porous structure or the structure can be formed with overlapping fibers. Since
collagen nanofiber is already a natural component of the extracellular matrix, a scaffold
using collagen type I as the biomaterial in the form of nanofiber would be more closely

mimicking the natural extracellular matrix environment (89, 145).

Purified collagen can be converted into the fiber form using the fiber spinning technique.
Among the fiber spinning techniques available, electrospinning has emerged to be a
favorite method of choice as it can produce fibers with diameter in the nanometers to
several micrometers range (149). This technique has been demonstrated to be applicable

to the preparation of collagen and many other polymer nanofibers.

The experimental parameters that can influence and control the outcome of the
electrospinning process can be broadly classified into three categories. These are the

polymer solution parameters, the electrospinning process parameters and the
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environmental parameters (63). Among these parameters, the least studied is the effect
of humidity. Depending on the water miscibility of the solvent system used, humidity
can play an important role in determination the quality and size of the fiber produced as

we have demonstrated in Chapter 4.

Collagen fiber in its native state is stable in the aqueous environment. This is due to its
unique three-dimension stereochemistry of the native collagen structure. However,
collagen nanofibers produced by processes such as electrospinning are not stable in water
as the native collagen structure is not conserved in the regeneration process. The
regenerated fibers disintegrate readily upon exposure to water or any agueous media. In
order to make use of these fibers in the fabrication of scaffold for tissue engineering, they

need to be stabilized.

Several approaches have been used in the stabilization of regenerated protein materials.
The commonest approach is to use a chemical approach making use of chemical
crosslinking agents such as glutaraldehyde. The first reported electrospun collagen fibers
were stabilized using glutaraldehyde vapor. Other chemical crosslinking agents
commonly used include genepin and 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
(EDC) (212, 213) which is sometimes enhanced by N-hydroxysuccinimide (NHS) with
the degree of crosslinking of the collagen material controlled by varying the ratio of
EDC/NHS used. These chemical agents invariably causes concern of potential toxicity
and excessive swelling. For these reasons, the approach of stabilization by physical

methods have also been explored (26, 216, 217). Thermal annealing can be used to
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impart aqueous stability to electrospun poly(vinyl alcohol) fibers by increasing the
crystallinity of the polymer matrix without imparting significant chemical structural
changes (29) . In addition, mechanical strength of the electrospun polysulphone fiber
membranes, poly(L-lactic acid)(219) and poly(e-caprolactone) (220) fiber mats can be

improved by thermal annealing (221).

lon beam treatment is a unique physical processing technique based on transfer of
energy from accelerating ions to the target material. Both inert ion such as helium and
reactive ions such as nitrogen can be used. Although the conventional ion implantation
process is regarded as a surface treatment technique for bulk materials, its use on
nanomaterials such as electrospun fibers is a bulk modification technique as ions
penetrate through the fiber cross-section. This method of energy transfer offers the
opportunity to be investigated as a new and novel approach to crosslinking of

electrospun collagen fibers.

In this study we investigated the use of ion beam to treat the collagen nanofibers prepared
by the electrospinning technique under controlled humidity and varying collagen solution
concentration conditions as reported in Chapter 4. Broad spectrum helium ion and
nitrogen ion beams were used and the effect of ion dosages were studied. Stability of the
ion beam treated collagen fibers in both water and cell culture media were tested. The
associate chemical changes within the collagen fibers associated with their changing

aqueous stability was investigated with high resolution x ray photoelectron spectroscopy.
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5.2 Experimental

5.2.1 Materials

Collagen type | derived from rat tail was used in collagen fiber preparation. The crude
collagen isolated from rat tails was purified using an established procedure (237, 238).
Briefly crude collagen was soaked in 70% aqueous ethanol for 30 minutes and then air
dried. It was then sterilized using UV lamp overnight. The sterile crude collagen was
purified by digesting in a 0.0175M acetic acid solution at 4°C for 7 days. The resulting
solution was centrifuged at 11,000 rpm for 2 hours and the supernatant containing the
purified collagen was collected. It was lyophilized to give the purified collagen type I in

powder form.

5.2.2 Fiber fabrication

Lyophilized rat tail collagen type I (5 wt%) was dissolved in hexafluoroisopropanol
(HFIP). Collagen fibers were produced in a custom built environmental control chamber
at a controlled temperature of 21 + 2 °C. The relative humidity was controlled over the
range of 45 £ 5 %. A voltage of 20 kV, (Glassman High Voltage Inc.) and a distance
between the syringe needle (22-gauge) and the collector electrode of 20 cm were used.
Collagen solution flowrate was controlled by a single syringe pump (KD Scientific Inc.)

at 0.15 mL/hr. Electrospun fibers were collected on the collector electrode.
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5.2.3 lon implantation

After fabricating the fibers, we implanted ions on them for aqueous stability. We used the
ion implantation facility at the University of Western Ontario. lon beams are generated
using the 1.7 MV Tandetorn accelerator. lon beam treatment was performed with the
sample mounted vertically and at room temperature in an ultra-high vacuum (10 Torr) at
the energies shown in table 3. Nitrogen (N*) and Helium (He") ion beams are generated
and implanted on the collagen fibers deposited on silicon wafers. This entire setup was
mounted on the sample holder with 1.0um thick tantalum (Ta) foil (Ta. 99.9% purity,

Goodfellow Cambridge Ltd.)

Table 3 lon beam treatment was performed with these energies

Nitrogen (N *) Helium (He *)

Energy: 1. 7 Mev 520 Kev

Dose (ions/cm?) | 8 x 101 12 x 10%°

Tantalum (Ta), acts as a diffuser in the set-up. Ta has high atomic mass and thus it is used
to reduce the penetrating energy to the nanofibers. This diffuser or filter foil helps in
converting the high-energy mono-energetic ions to lower poly-energetic ions. This gives

a range of penetration depth for ion deposition with reduced energy-related damage to the
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fibers. Only a fraction of N+ and He+ beam that penetrates the Ta foil is implanted into

the fibers. The beam currents of N+ and He+ were limited to 200 nA.

Simulation results using the software Stopping and Range of lons in Matter (SRIM), were
used to guide the ion implantation experiments. SRIM is used to estimate the ion
trajectory during implantation experiments. Calculation, for the estimation is organized
by using Monte-Carlos (statistical) algorithms. It was used for simulating first layer if Ta
foil to our work. Transport of lon in Matter (TRIM), is a software that is included in the
SRIM program package. TRIM allows simulation of up to eight layers of different
material compositions. TRIM, estimates both the final 3D distribution of the ions and
also all kinetic phenomena associated with the ion's energy loss as target damage,

sputtering, ionization, and phonon production.

The simulation results indicated that using a 1.0 um thick Ta foil, the initial ion energies
of 1.7 MeV for N* and 520 keV for He" were reduced and diffused into energy
distributions ranging from 0 to 300 keV for N* and 0 to 100 keV for He*. Table 4 gives
the specification of two different ion species used to crosslink the collagen fibers with

two different energies and three different dosages.

The beam currents were kept below 200 nA. lon beam treatment was performed with
the sample placed vertically at room temperature in an ultra-high vacuum (102 Torr). An
ultra-high vacuum beamline is necessary to keep the beam line free of residual gas. This
prevents beam intensity reducing collisions between the ions and the molecules, or the

formation of a contamination layer on the sample during the implantation.
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5.2.4  Effect of ion implantation

The average diameter of as-spun collagen fiber was calculated as Das-spun. Fiber diameter
of crosslinked (ion implanted) sample for 100 fibers was measured for n-6, for both the

ion species for implantation

(He™ and N¥) and, for three different ion doses. Average of ion implanted crosslinked

collagen fibers, for each condition was measured as D crosslinked.

The change in fiber diameter was determined using the following equation:

( D crosslinked - D as-spun)

% Change in diameter after ion implantation = 100 % X Dassoin

5.2.5  Effect of exposure to aqueous solutions

Each of the ion implanted, crosslinked collagen nanofiber samples were tested for seven
days for aqueous stability using swelling effect as a factor after soaking the sample in

water (H20) and cell culture media (DMEM) for seven (7) days.

+

Each (ion implanted) crosslinked sample (for both the ion species for implantation (He

and N¥) and, for three different ion dose), were cut in half and one half was placed in
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distilled water, while the other half was placed in cell culture media (DMEM) for the seven

days.

After exposure to aqueous solutions, the samples were rinsed with water to remove any
salt deposition on fiber over time and then imaged using SEM. Average fiber diameter, as

Drinai Was calculated for both, water and cell culture media (DMEM).

The percentage of swelling was then calculated using the equation below.

% Change in diameter after exposure to aqueous solutions

(D final - D crosslinked )

P 0,
100% x D crosslinked

5.2.6  Scanning electron microscopy (SEM)

Collagen fiber size and morphology were determined using a high-resolution scanning
electron microscope by using a Leo 1540XB (LEO Electron Microscopy Ltd). The fibers

were not sputter coated and an accelerating voltage of 1 kV to 3 kV was used.

5.2.7 Fiber diameters
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A Java-based image processing program, Image J (National Institutes of Health) was used

to measure the fiber diameter and understand the morphology of the images.

Four SEM images were acquired for each crosslinked collagen nanofibers and, twenty-
five fibers were randomly picked from each image and measured. Thus, the total fiber
diameters measured were 100 for each image (sample). Each condition was repeated six

times to get, approximately 600 + fibers were measured for each of the conditions.

5.2.8  X-ray photoelectron spectroscopy (XPS)

A XPS system from Kratos Axis Ultra with a 210 W Al-Ka monochromatic source was
used. XPS spectra were acquired for both purified collagen (as control) and the as spun

collagen fiber samples.

In addition, spectra for the fiber samples after ion implantation were also acquired. For all
samples both the survey scan and high-resolution scans of selected elemental regions
were also acquired. For the full scan pass energy of the survey scan was 160 eV and the
high-resolution scan was 20 eV. The program CasaXPS (Casa Software Ltd.) was used to
construct and curve-fit multiple peaks for the data envelope that appeared in the core-
level energy spectra based on the built-in Marquardt-Levenberg (29)optimization

algorithm.
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5.2.9 Fiber degradation of crosslinked collagen nanofibers

Ninhydrin assay was conducted on each condition after ion implantation. The main
objective was to quantify the amount of free primary amine group right after
implantation. Although, this assay does not provide any information on the density or
nature of crosslinking. But, estimating the free amine group in the given sample right
after crosslinking, it will give the rate of the degradation of these ions implanted fiber
with respect to the dose delivered. And this, quantification of the free amine group will
also provide us with a good indication of the degree of crosslinking of electrospun

collagen nanofibers.

Each of my samples for ninhydrin assay, were fabricated by electrospun technique on
1cm by 1cm silicon wafer with same time interval of fifteen (15) minutes. These samples
were then ion implanted with respective dose, energy and species. Control (n=3) to this

experiment were the as spun electrospun collagen nanofibers.

A ninhydrin solution was prepared according to Starcher et al.(245), however the
quantities were different. A 4 N sodium acetate buffer was prepared by dissolving 544 ¢
of sodium acetate trinydrate in 100 ml of glacial acetic acid and 400 ml of distilled water.
The solution was left to mix overnight and the final pH was measured to be 5.5. A
stannous chloride solution was prepared by adding 100 mg of SnCI2 to 1 ml of ethylene
glycol. The ninhydrin solution was prepared by dissolving 800 mg of ninhydrin in a

mixture of 30 ml of ethylene glycol and 10 ml of the 4 N acetate buffer. 1 ml of the
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stannous chloride suspension was added and the solution was stirred for one hour. A

linear calibration curve was created using different glycine concentrations.

Crosslinked samples were then placed in vials containing 2 ml of distilled water mixed
with 1 ml of the ninhydrin solution. The vials were placed in an 80 °C water bath for 15
minutes and then left to cool down. A Beckman DU spectrophotometer was used to
measure the optical absorbance at 570 nm, which is the typical absorbance for the purple
complex that is formed upon the reaction of ninhydrin with amino acids. After measuring
the absorbance, the calibration curve (Refer to Appendix) was used to determine the
concentration of free amino acids in solution. Followed by calculating the degree of
crosslinking. We used following formula to calculate the degree of crosslinking at

different dose and energies.

The degree of crosslinking was determined by the following equation:

[AC non — crosslinked — AC crosslinked] * 100
AC non — crosslinked

Degree of crosslinking % =

Where AC is the Amine concentration at different dose.
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5.2.10 Statistical analysis

All statistics were performed using OriginPro 8 (OriginLab Corporation). Propagation of

error and the overlapping statistical formula were done on the data using Microsoft Excel

(Microsoft Corp).

5.3 Results & Discussion

5.4 Physical effect of ion implantation on electrospun
collagen fibers

Collagen nanofibers produced by electrospinning are not stable in water. In fact, they
disintegrate readily upon exposure to water or any aqueous media due to the inability to
regenerate the natural stereochemistry (216, 295) . In order to make use of these fibers in
the fabrication of scaffold for tissue engineering, they need to be stabilized. Chemical
cross-linking is the well-established approach to stabilize collagen fibers. In this study, a

novel approach of ion implantation has been used.

The ability to control degradation of the collagen nanofibers in an aqueous environment
has been an important aspect of tissue engineering (296). To achieve these optimal
conditions for collagen fiber stabilization, we made studied two different ions, helium
which is unreactive and nitrogen which readily reacts with the chemical functionalities in
collagen. Since the Tendatron only generates monochromatic energy ions at relatively

high energy that readily degrades polymer, simulation using the software’s Simulation
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results using the software Stopping and Range of lons in Matter (SRIM), were used to
guide the ion implantation experiments. SRIM is used to estimate the ion trajectory
during implantation experiments. Calculation, for the estimation is organized by using
Monte-Carlos (statistical) algorithms. It was used for simulating first layer if Ta foil to
our work. Transport of lon in Matter (TRIM), is a software that is included in the SRIM
program package. TRIM allows simulation of up to eight layers of different material
compositions. TRIM, estimates both the final 3D distribution of the ions and also all
kinetic phenomena associated with the ion's energy loss as target damage, sputtering,

ionization, and phonon production.

The simulation results, presented in the experimental section, indicated that using a 1.0
um thick Ta foil, the initial ion energies of 1.7 MeV for N* and 520 keV for He* were
reduced and diffused into energy distributions ranging from 0 to 300 keV for N* and 0 to
100 keV for He*. Table 4, gives the specification of two different ion species used to

crosslink the collagen fibers with two different energies and three different dosages.

Table 4 The specification of two different ion species used to crosslink the collagen

fibers with two different energies, and three different doses

Nitrogen (N ¥) Helium (He )
Energy: 1.7 Mev 520 Kev
energy with Ta foil 0 to 300 keV 0 to 100 keV
Dose (ions/cm?) 4 x 10%
Dose (ions/cm?) 8 x 10%
Dose (ions/cm?) 12 x 10%°
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5.5 Effect of ion implantation on fiber diameters

The electrospun collagen nanofibers were ion implanted with the specific ion species
using conditions outlined in Table 1. The change in diameter was analyzed using the
SEM images. The diameter distribution was determined from 600+ randomly chosen
fibers from 6 different sets, on (6x4) 24 captured images. SEM images shown in figure
19 to figure 24 represent the morphologies of the as spun and after ion implanted fibers as
a function of ion dose delivered for different ions at different energies. The collagen
nanofibers maintained their morphology after ion implantation as shown in figure 19 B,
20 B, 21 B, 22B, 23 B and 24 B . Fiber diameter distribution in the form of histogram for
a given sample was also determined and is shown in the appendix The results were best-

fits of normal distribution.
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Figure 19 Nitrogen- ion implantation at 4 x 10 ¥ ions/cm? on collagen type-1
nanofibrous scaffold A: Before ion implantation (as- spun fibers) B: After N* ion
implantation C: After soaking it in water for seven days D: After soaking it in cell

culture media for seven days in cell culture media
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Figure 20 Nitrogen- ion implantation at 8 x 10 ° ions/cm? on collagen type-1 nanofibrous
scaffold A: Before ion implantation (as- spun fibers) B: After N* ion implantation
C: After soaking it in water for seven days D: After soaking it in cell culture media for
seven days in cell culture media
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Figure 21 Nitrogen- ion implantation at 12 x 10 ® ions/cm? on collagen type-1 nanofibrous
scaffold A: Before ion implantation (as- spun fibers) B: After N* ion implantation
C: After soaking it in water for seven days D: After soaking it in cell culture media for seven
days in cell culture media
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Figure 22 Helium- lon Implantation at 4 x 10 '®ions/cm? on collagen type-1 nanofibrous
scaffold A: Before ion implantation (as- spun fibers) B: After He * ion implantation
C: After soaking it in water for seven days D: After soaking it in cell culture media for seven days
in cell culture media
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Figure 23 Helium- lon Implantation at 8 x 10 %° ions/cm? on collagen type-1 nanofibrous
scaffold on collagen type-1 nanofibrous scaffold
A: Before ion implantation (as- spun fibers) B: After He * ion implantation
C: After soaking it in water for seven days D: After soaking it in cell culture media for
seven days in cell culture media
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Figure 24 Helium- lon Implantation at 12 x 10 ° ions/cm? on collagen type-1 nanofibrous
scaffold A: Before - ion implantation (as- spun fibers) B: After He + ion implantation

C: After soaking it in water for seven days D: After soaking it in cell culture media for
seven days in cell culture media

The detail quantitative analysis of the diameter changes measured using SEM images of

before and after ion implantation for both the ion species are summarized in Table 2. For
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each of the dose, the percentage change in diameter is recorded using the formula of the

percentage change in the diameter (see the appendix).

From Table 5 below, we found that for helium ion implantation fiber diameter varied
proportionally with respect to dose implanted into the collagen nanofiber. As the dose
increased the fiber diameter also increased. But a similar trend was not found in nitrogen
ion implantation. For nitrogen implantation on these collagen nanofibers, we found these

collagen nanofibers diameter reaches maxima at 8 x 10'° ions/cm?of implantation.

Table 4 Diameter change for before and after ion implantation for two different
species for all three doses.

(%) change in
Dose (ions/cm?) | Diameter (nm) | Diameter (nm)
the diameter (nm)

Helium As spun Post implantation

4 x 10%° 55+ 24 42 +18 -23+55

8 x 10 40 £ 20 34+14 -15+61

12 x 10% 47 + 20 56 £ 25 +19 + 68
Nitrogen

4 x 10%° 58 +23 36 +17 -38 + 50

8 x 10 47 £ 20 55+ 20 +17 + 60
12 x 10%° 52+ 26 33+15 -36 + 58
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The figure 25 below, the error propagation displays the opposite trend for both the ion

species implanted.
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Figure 25 Error propagation on the results of before and after ion
implantation on two different species at different energies and doses

To these results, we then applied the overlapping statistical formula, a statistical test to

test if the data set at each set is significantly similar to each other.

Following is the formula for the equation we have used in for our data.



Equation 2
|A— B|< (64 + JdB)
If the equation (1) is satisfied, then A=B with in the experimental uncertainties

We substituted the value of nitrogen as A, and helium as B. By doing so, we then
substitute the values of each dose point to check |A — B| < (64 + §B) if it states true for

each dose applied. Where A, B is the average and 64, §B are the standard error of the

values A and B respectively.
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Figure 26 Overlapping formula for Nitrogen ion and Helium ion
implant at for after ion implantation for all three doses.
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Applying the overlapping statistical formula, for both the ion species. We get that their

standard error overlaps on each other as shown in figure 26 above.

Demonstrating that helium ion implant or the nitrogen ion implant, behave similarly on
each of the treatment applied to the crosslinked electrospun collagen nanofibers.
Statistically demonstrates that these electrospun collagen nanofibers behave significant to

both the ion species, after ion implantation.

5.6 Stability of the ion implanted electrospun collagen
fibers in water and DMEM

Agqueous stability test was conducted after the ions were implanted to crosslink the
collagen nanofibers. This aqueous stability test was conducted by exposing the ion

implanted collagen nanofibers in water and DMEM for seven days.

Morphology of the fibers after ion implantation under various implantation conditions
were summarized figure 19 to 24 as images C. The results demonstrated that these
crosslinked fibers (for both the ion species at all the different doses) were stable in water

and DMEM, maintained their fiber integrity for up to seven days.

5.6.1 Discussion
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Several approaches have been used in the stabilization of regenerated protein materials.
The commonest approach is to use a chemical approach making use of chemical
crosslinking agents such as glutaraldehyde. The first reported electrospun collagen fibers
were stabilized using glutaraldehyde vapor. Other chemical crosslinking agents
commonly used include genepin and 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
(EDC) (212, 213) which is sometimes enhanced by N-hydroxysuccinimide (NHS) with
the degree of crosslinking of the collagen material controlled by varying the ratio of
EDC/NHS used. These chemical agents invariably cause concern of potential toxicity and
excessive swelling. For these reasons, the approach of stabilization by physical methods
have also been explored (26, 216, 217). Thermal annealing can be used to impart
aqueous stability to electrospun poly(vinyl alcohol) fibers by increasing the crystallinity
of the polymer matrix without imparting significant chemical structural changes (29) . In
addition, mechanical strength of the electrospun polysulphone fiber membranes, poly(L-
lactic acid) (219) and poly(e-caprolactone) (220) fiber mats can be improved by thermal
annealing (221). lon beam treatment is a unique physical processing technique based on
transfer of energy from accelerating ions to the target material. Both inert ion such as
helium and reactive ions such as nitrogen can be used. Although the conventional ion
implantation process is regarded as a surface treatment technique for bulk materials, its
use on nanomaterials such as electrospun fibers is a bulk modification technique as ions
penetrate through the fiber cross-section. This method of energy transfer offers the
opportunity to be investigated as a new and novel approach to crosslinking of electrospun

collagen fibers.
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5.7 Quantify in terms of diameter changes as a proxy
for stability — as spun (control) vs. ion implanted

To quantify the differences among the diameter data collected before and after water
exposure. The overlapping statistical formula, a statistical test to test if the data set at

each set is significantly similar to each other was applied to the data sets as shown in

figure 27.
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Figure 27 Applying error propagation on water — treatment
percentage change on the diameter of crosslinked collagen
nanofibers, when soaked in water for seven days (for two different
species at different energies and doses).



137

Following is the formula for the equation we have used in for our data.

|A—B|<(6A + éB)

Equation 2

If the equation (1) is satisfied, then A=B with in the experimental uncertainties

We substituted the value of nitrogen as A, and helium as B. By doing so, we then
substitute the values of each dose point to check |A — B| < (64 + §B) if it states true for
each dose applied. Where A, B is the average and 64, §B are the standard error of the

values A and B respectively.

Applying the overlapping statistical formula, for both the ion species. We obtained the
standard error overlaps on each other as shown in figure 28 below. Demonstrating that
helium ion implant or the nitrogen ion implant, behave similarly on each of the treatment
applied to the crosslinked electrospun collagen nanofibers. It can be concluded that these
electrospun collagen nanofibers behave similarly to both the ion species after ion

implantation.
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Figure 28 Applying over lapping law on water - treatment of the percentage change
in the diameter of crosslinked collagen nanofibers, when soaked in water for seven
days (for two different species at different energies and doses).

5.7.1  Physical effect of exposure of the ion implanted electrospun
collagen fibers to DMEM

Under realistic tissue engineering conditions, the collagen fiber scaffold will be exposed
to cell culture media which contains an appreciable amount of ionic species instead of
water. It is therefore important that stability of the ion implanted scaffolds be tested in
cell culture media. A series of stability test of the ion implanted collagen scaffold was

carried out the cell culture media Dulbecco’s Modified Eagle’s Medium) (DMEM).
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This cell culture media stability test was conducted by immersing the ion implanted
electrospun collagen fiber scaffolds in cell culture media DMEM) for seven days. The
series of Image D in figure 19 to 24 summarize the morphology results for both helium

and nitrogen ion implanted scaffolds at all doses used.

These images figure 19 to 24, D images demonstrate the ion implanted collagen
nanofibers maintained their fiber integrity in the cell culture media used DMEM for both

types of ion and for all doses used.

These results from figure 19 to 24, demonstrations thicker fiber diameter as compared to
water soaked samples for seven days. These trends of thicker fibers diameter were
observed in cell culture media due to the presents of iron. This presents of iron in cell

culture media promotes degradation of these collagen nanofibers.

5.7.2 Fiber diameter changes as a measure of fiber
stability

The data analysis shown in Figure 5 and table 8, indicated that for helium (He") the fiber
diameter increased in cell culture media with the largest diameter increase at the lowest
ion dose implanted (4 x 10 ). This increase in fiber diameter in cell culture media

decreases as for the dose of the ion implantation increased.

We found the reverse effect for nitrogen (N*) implanted collagen fiber. The fiber

diameter increases for N* in cell culture media was higher for the highest dose (12 x 10



140

19). And the fiber diameter decreases in cell culture media as for the dose of the ion

implantation decreased.

These trends of indicating the thicker fibers diameter in cell culture media were found
due to the presence of iron (297) . This presence of iron in cell culture media promote
degradation of these collagen nanofibers (297). A similar trend was not observed in water

immersed samples for both He* and N* implanted samples.

Table 5 Diameter change for after soaking in water and cell culture medial DMEM
for seven days for two different species for all three doses.

Water
Helium Post implantation Percentage | DMEM (7days) | Percentage
(7 days)
Dose (ions/cm?) Diameter (nm) Change (%) | Diameter (nm) | Change (%)
Diameter (nm)

4x10% 42 +18 49 +20 +16 + 65 65+ 28 +54 £ 85
8 x 101 34+14 39+15 +14 £ 61 45+ 18 +32+£70
12 x 10 56 £ 25 53+19 -5+56 54 +18 -35+55
Nitrogen

4x10% 36+ 17 3717 +3 1 67 39+£20 +8 73

8 x 101 55+ 20 50+ 19 -9+£50 50+ 16 -9+47

12 x 10% 33+15 43+21 +30+81 65+31 +96 + 125
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To better understand the comparison between these results under the ion implantation
conditions used, we applied the overlapping statistical formula (Equation 2) to determine
their uncertainties overlap. The results shown in Figure 29 /table 8 demonstrate that
implantation of both ion species result in similar trend, even after soaking in cell culture
media for seven days. We did observe an increase in fiber diameter after immersion in
DMEM as compared to that of fibers soaked in water for the same length of time. And

the difference of both the species at different dose after soaking in cell culture media for

seven days.
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Figure 29 Applying lapping law on cell culture media — treatment
of the percentage change in the diameter of crosslinked collagen
nanofibers, when soaked in water for seven days (for two different
species at different energies and doses).
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Figure 30 Applying over lapping law on cell culture media -
treatment the percentage change in the diameter of crosslinked
collagen nanofibers, when soaked in cell culture media for seven
days (for two different species at different energies and dose

By applying this formula (Equation 2), we got that their uncertainties overlap on each
other as shown in figure 30. Demonstrating that, both the ions species on collagen
nanofibers create the similar trend, even after soaking in cell culture media for seven
days. Comparing the results of water exposure to that of DMEM immersion, a larger
diameter increase was observed for the DMEM exposed samples. This is not a surprise
considering the compositional difference between the two solutions. The ionic species
present in DMEM can interact with the collagen molecule to promote water ingression
into the fiber that could lead to degradation thus leading to the observed increase in fiber

diameter.
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5.8 Chemical effects of ion implantation on
electrospun collagen fibers

Although no chemicals were used in the ion implantation process, this does not
necessarily mean that there were no chemical changes taking place during ion
implantation. The energy ranges of the ion beams used are undoubtedly large enough to
break chemical bonds (for He+ and the N+, the energy ranges are 0 — 100 kV and 0 — 300
KV respectively). It is therefore reasonable to expect chemical changes to take place in
the ion implantation process. X-ray photoelectron spectroscopy (XPS) was used to
confirm and delineate any changes in the chemical composition of the ion implanted

fibers.

Survey XPS spectra of the as produced electrospun collagen fibers was collected and
shown in Figure 31. The untreated collagen showed an elemental composition of (atomic
percentage) 13.7+ 2.0 % of nitrogen, 57 +5.4 % of carbon and 21.3 + 3.8% of oxygen.
This provides the baseline data to allow for tracking changes in the elemental
composition of the ion implanted collagen fibers using different ions and at different ion

doses.



CPS

144

Untreated

x10
10 |
Name Pos. At%
Nals  1067.30 0.2 2
O1s 52830 223 o
N 1s 396.00 15.3
Ca2p 343.50 0.1
Cls 28190 59.4
8 | Si 2p 9920 2.7
6,
4
o
4
z
oo i
= v‘/\‘ _:\\
'
Y \, '\
\ /’\\\
e M
\ e . \
\ g o 7 AR \
o \ 4
2 | | o
Y, P &
w Y N
| O
AN o R \
|
\ g 8
\ 7] -
u (%]
A
oo §
-— ke
1000 800 600 400 200 0

Binding Energy (eV)

Surface Science Western

Figure 31 Un-crosslinked collagen sample full scan

Survey XPS spectra of the ion implanted fibers under all the experimental conditions
used were collected and shown in Figures 15 - 20 (6 figures as shown in the appendix).
The elemental composition of the ion implanted samples using He+ and N+ ions and at
different ion doses as determined from these spectra are summarized in Table 8. It can be
seen that although the carbon and oxygen contents varied over a relatively narrow range,
there is a much larger change in the nitrogen content. In tissue engineering applications,

the nitrogen content is of particular interest as cell adhesion on a substrate depends on the
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nitrogen containing peptides (298). The changes in nitrogen contents as a function of ion
doses as comparing to that of the non-ion beam treated control sample is shown in Figure
32. The He" implanted samples showed a slightly lower nitrogen content compared to
control at the lowest ion dose used (4x10%° ions/cm?). As the He* dose of implantation
was increased, the nitrogen retained further decreased). Contrast to this trend, nitrogen
ion implantation exhibited a lower nitrogen contents relative to He* treatment at doses of
4x10% ions/cm? and 8x10% ions/cm? but as N* dose was further increased to 12x10%°

ions/cm?, the nitrogen content recovered to

higher than that of the He+ implanted sample.

Table 6 Amount of nitrogen, carbon and oxygen present in the ion implanted

sample for both the species at different doses.

Nitrogen Carbon Oxygen
Control Average+ SD Average +SD Average + SD
13.7£ 2.0 57 5.4 21.3+3.38
Helium Average + SD Average +SD Average + SD
4x 10V 12+ 2.9 56.8 +4.7 194+19
8 x 10%° 84+ 1.6 54.1+8.4 21.1+£3.7
1.2 x 10% 6.2+ 0.4 50.6 £3.2 25.6+24
Nitrogen Averagex SD Average +SD Average + SD
4x 10V 7.0£0.7 54.7 5.9 203+1.3
8 x 10%° 4.3+09 53.6 £2.9 24.1+3.2
1.2 x 10'® 8.0+ 0.4 55.1 0.6 194+1.1
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As helium is undetectable in XPS measurements, the amount of helium remaining in the
sample after the ion implantation remains unknown. However, since helium is non-
reactive and has a high diffusion coefficient due to its small size. We do not expect any

amount of helium remaining in the treated sample.
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Figure 32 Atomic percentage (at%) of average of nitrogen for both the ion species

at different energies and all the different doses. It gives us a comparative edge with

the control, which is as spun collagen nanofibers with the helium and nitrogen ion
implanted samples at different dose.
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The stability tests in water and DMEM presented in the last section indicated that under
all implantation conditions used resulted in stable fibers over a period of 7 days. The
diameter of the treated collagen fibers exhibited varying degrees of swelling after
immersion in water and especially DMEM is an indication that these ion implanted
collagen fibers are susceptible to degradation by hydrolysis. This observation is mostly
likely related to the detailed chemical structural changes occurring during the ion

implantation process.

5.8.1 Effect of lon Implantation on Chemical Structure

In order to understand the chemical and structural changes taking place in the ion
implantation processes that lead to collagen fiber stability, a series of high resolution (15
eV) scans of was performed on the as spun and ion implanted electrospun fibers. This
understanding is also important to allow for us to assess the impact of these changes on
cell behavior when the scaffolds are to be used in tissue engineering. Among the major
elements of C, O and N, the focus is on the nitrogen peak as the nitrogen content

undergoes the largest change as a function of ion doses as well as the specific ion used.
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Figure 33 High resolution scan of nitrogen at the binding energy of 399.9 eV. It displays
comparison of as spun sample with helium ion and nitrogen ion implanted sample.

The high-resolution nitrogen XPS spectra for the untreated collagen fiber and those ions
implanted with He* and N* at a dose of 12x10%° jons/ cm? are shown in Figure 33. The
results for other ion doses are similar and are collected in Appendix. A cursory

comparison confirms that although the envelope peak can be deconvoluted into similar
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energy peaks corresponding to different nitrogen containing functionalities, the relative

amounts of these functional groups in each sample is different.

Table 7 Amide and amine ratio for helium ion implantation ratio

C-N, N-C=0: C-N

Untreated sample 92:8
4 x 10 ** ions/cm ? 70:30
8 x 10 ¥ ions/cm 2 65:35
12 x 10 ¥ ions/cm 2 48:52

Table 8 Amide and amine ratio for nitrogen ion implantation ratio

C-N, N-C=0: C-N

Untreated sample 92:8
4 x 10 '® ions/cm ? 51:49
8 x 10 ** ions/cm ? 54:46
12 x 10 % ions/cm 2 67:33
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The nitrogen peak of the untreated collagen nanofibers in the XPS high-resolution scan
(Figure 33A) can be deconvoluted into two peaks identified as C—N, N-C=0 (amide) and
C—N (amine) with binding energies of 400 eV and 398 eV respectively. The area ratio of
these two peaks was calculated to be 92:8. This procedure was applied to the high
resolution XPS data for all ion doses and to both He™ and N* samples. The results are

collected in Table 9 for He" implantation and Table 10 for N* implantation.

As shown in Table 9 for helium ion implantation, the ratio of amide to amine decreased
as the ion dose increased, an indication that either the amide (peptide) groups were
removed or converted into amine groups, most likely tertiary amines, as ion dose was
increased. For the lowest dose of helium ion implanted (4x10% ions/cm?) this ratio
decreased from 92:8 ratio (untreated) to 70:30. This trend decreased further to 65:35 as
He* dose was increased to 8x10'° jons/cm? and eventually to 48:52 at the highest
experimental dose of helium ion of 12x10° jons/cm?. This trend is reasonable as an
increase in ions would lead to and increase in amide bond breaking leading to the
observed decrease in the ratio of the two peaks. Nevertheless, the He+ ions served to
transfer energy the break the chemical bonds to allow for crosslinks to be formed. This
leads to the observed aqueous stability of the He™ implanted collagen nanofibers.
However since helium is an inert gas, it would not react with the elements in the collagen

fibers and therefore would not be incorporated into the fibers.
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Results for nitrogen ion implantation are summarized in Table 10. It can be seen that for
implantation with N+ ions at low does of 4x10% ions/cm?and 8x10*° jons/cm? led to a
decrease in the amide to amine ratio from 92:8 to a roughly constant ratio of 50:50 (51:49
and 54:46 respectively). A further increase in N* dose to 12x10% ions/cm? resulted in a
reverse of the trend to 67:33. These results were quite different from the helium ion
implantation results. After a decrease at the two low ion doses, the amide contents
increased at the high ion dose. It is quite possible that the N* ions serves two different
roles in the ion implantation process. It transfer kinetic energy to the amide bonds to
break these bonds to create chemical crosslinks but at the same time, nitrogen itself can

be incorporated into the crosslinks in the process.

Although both He™ and N* ion implantation resulted in enhanced aqueous stability of the
electrospun collagen nanofibers, the difference in nitrogen contents and the amount of
amide in the ion implanted fibers can have important implications when being considered
for tissue engineering applications. Peptides (amides) such RGD are known to be
essential for cell adhesion onto substrates. In the collagen fiber stabilization process, one
of the goals would be to maximize the amides (peptides) contents of the crosslinked and

stabilized fibers.

Comparing the results of the use of He* and N*, two possible scenarios emerged. The
highest amide contents of He™ ion stabilized fiber occurred at the lowest He™ ion dose.

For tissue engineering applications, this would be preferred over the higher He™ doses
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treated fibers. However, at this low ion does, the degree of crosslinking will be the lowest
and the fibers are expected to have a faster degradation rate. For the N* ion implanted
fibers, the highest amide contents occurred at the highest ion dose used. This would also
be the conditions for the more stable fibers to be formed. Depending on the specific tissue
engineering application, if a scaffold that is needed only for short and medium term, a
low dose He™ ion implanted one would be suitable. On the other hand, if a scaffold if

required for the medium to long term, a N* ion implanted one would be the choice.

5.9 Fiber degradation

Ninhydrin assay was employed to determine the degree of crosslinking of collagen
nanofibers after ion implantation (245). The main objective was to quantify the amount of
free primary amine group right after implantation (as shown in figure 34). Glycine was
used as the calibration standard as it is the major amino acid present in the collagen type |

molecule. The calibration curve is included in Appendix.
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Figure 34 The test reaction will proceed only for a free amino acid
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This assay was conducted on each condition after ion implantation. Although, this assay
does not provide any direct information on the density or nature of crosslinking.
However, by estimating the free amine group in the given sample immediately after
crosslinking, it will give us an idea of the ratio of crosslinking vs. degradation of the ions
implanted fiber with respect to the dose delivered. In addition, the quantification of free
amine group will also provide us with a good indication of the degree of crosslinking of

electrospun collagen nanofibers.

Results of the Ninhydrin assay is shown in Figure 35. The results revealed that the amine
concentration after ion implantation is the minimum for the lowest dose for both the ion
species implanted on the electrospun collagen nanofibers. This could be interpreted as
that we have least amount of degradation due to ion implantation at the lowest dose

implanted for both the ion species.
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Chapter 6

6 Conclusions

Collagen is an important component of the extracellular matrix, and desirable for tissue
engineering application. To fabricate collagen nanofibrous 3D scaffold, we have achieved

the following.

Rat tail collagen type I fibers were successfully produced by electrospinning process
using a collagen in HFIP solution and the effect of environmental humidity on fiber

morphology and fiber diameter were demonstrated.

Being unstable in aqueous solutions, the as spun collagen fibers were implanted with He*
and N ion. lon implantation conditions investigated were 0 — 100 MeV of He* and 0 —
300 MeV for N" and A broadband ion beam of energies of 0 — 300 MeV and 0 — 100
MeV of N+ (nitrogen) ion and doses of 4*10% ions /cm 2 - 12 * 10° ions/cm? at room
temperature. Over the range of ion energies and doses investigated, stable collagen fibers
were found to be stable in both water and DMEM over a 7 day period. The current results
demonstrated that it was possible to induce aqueous stability into electrospun collagen
fibers via ion implantation indicating this is an effective crosslinking method for

collagen.

XPS results demonstrated that at the lowest dose of helium ion, implant retained higher
nitrogen retain at other helium or nitrogen dose implanted. Results from ninhydrin assay
demonstrated that higher degree of crosslinking was found at the lowest dose for both the

ion species (He* and N¥).
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6.1 Application

Results of this work may be employed for a wide range of applications, such as tissue
engineering (299), cosmetic injections for wrinkle removal (300), and compositions for
articular cartilage repair in joints. Additionally, collagen fibers cross-linked with the ion
implantation may be used in a method for treating skin or lip related anomalies (301).
Whereas in this methods for modulating the rate of release include increasing or
decreasing loading of the pharmaceutically active agent incorporated within or between
the fibers treated with ion implantation, selecting polymers to produce the polymeric
fibers which degrade at varying rates, varying polymeric concentration of the polymeric
fibers and/or varying diameter of the polymeric fibers. Pharmaceutically active agents
that can be modulated in accordance with the present invention include: silver
nanoparticles (for wound healing applications) (302), growth factors (to control cell
proliferation and differentiation in tissue engineering applications) (303, 304), genes (for
gene delivery applications), anti-cancer agents, such as paclitaxel, and anticoagulants

(drug-eluting stents) (305).



160

6.2 Future work

Research presented in this thesis lays the groundwork for a wide range of possibilities in
the fields of tissue engineering application. One outstanding aspect of characterization is
the mechanical properties of the collagen nanofibers using atomic force microscopy.
Prior research has demonstrated that different cell types needed respond to different
substrate stiffness (306). These results would give us a picture of the appropriate
matching between cell type and stiffness of the ion implanted fibrous substrate.
Degradation of the fibers should also be studied as a function of ion implantation
conditions. in order to better predict the rate and degree of degradation in the tissue
engineering environment. Cell proliferation rate on these crosslinked fibers would also

need to be quantified.
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Appendices

Isolation of Type | Collagen from Rat Tails:

1)

2)

3)

4)

5)

6)

7)

8)

Thaw frozen rats tails in 70% ethanol for 1 hour

Use scalpel to cut off skin of tail and expose white collagen fibres. Using forceps
pull out collagen fibres from tail and place in separate sterile dish.

Continue cutting rat tail in segments, exposing and pulling out fibres, ensuring to
clean fibres of contaminating tissue.

At this point, fibres can be stored at -20 °C or proceed to collagen solution.
Weigh out 4 g/L of fibres (approximately 5 tails) and soak in 200 mL of 70%
ethanol for 30 minutes with forceps.

Place fibres in sterile Petri dish and leave overnight in a tissue culture hood with
UV light on to sterilize fibres.

Prepare acetic acid solution (1 mL of concentrated acetic acid in 1 L of distilled
water) and filter sterilize.

Add 900 mL of acetic acid solution to collagen fibres in an autoclaved 1 litre flask
with sterile stir bar. Place on stirrer in cold room (at 4 °C) for 4-7 days to dissolve

collagen.
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9) Centrifuge the solution at 11, 000 rpm (10, 000 g) for 2 hours at 4 °C with brakes
on.

10) Collect supernatant in a sterile bottle and measure protein concentration using
Sircol Collagen Assay (should be 1-3 mg/mL)

11) Collagen solution can be stored at this point at 4 °C.

12) To obtain collagen protein powder, freeze small samples (~10-15 ml) overnight in

a -20 °C freezer and lyophilize for 1-2 days.
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N - Before implantation

Aouanbaiy

100 120 140 160

80

Diammeter (nm)

Diammeter (nm)

DMEM

N -

after Water

N -

Aouenbesy

2

Aoueanbauy

Diammeter (nm)

Diammeter (nm)

Figure 38 Histogram of N* 4 x 10® ions/cm2



166

After - Helium implantation

Before - lon implantation

350

g @
Kouanbaig

100 A

Diammeter (nm)

Diammeter (nm)

- days in DMEM

Helium- seven

After- Helium- seven days in water

160 4

Diammeter (nm)

Diammeter (nm)

1.2 x 10%% jons/cm?

ium

39 Histogram of heli

igure

F



167
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Calibration curve for the ninhydrin assay

Glycine was chosen to calibrate the ninhydrin assay, as mentioned in the

literature (245).

A 10 ml stock solution of glycine in distilled water (0.13 mg/ml) was first
prepared. Five vials containing 5 ml of distilled water were also prepared. 5 ml of
the stock solution was then transferred to the first vial and mixed well, thus
reducing the glycine concentration by half (i.e. 0.065 mg/ml). 5 ml from first vial
was then transferred to the second vial, diluting the concentration further; this
process was repeated until the fifth vial (where 5 ml are disposed). 1 ml of the
ninhydrin solution was added to 2 ml of each of the five glycine concentrations
and heated at 80°C for 15 minutes. The vials were then left to cool for 10 minutes
and the absorbance was measured at 570 nm, using a UV spectrophotometer

(Beckman DU series).
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Calibration Curve for ninhydrin assay
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The % Change quantify the change from one number to another and express the
change as an increase or decrease. Percentage change equals the change in
value divided by the absolute value of the original value, multiplied by 100. %
change = ((V2 - V1) / |V1]) * 100

e (crosslinked nanofibers — as spun nanofibers) /as spun nanofibers * 100

e (crosslinked nanofibers soaked in water for 7 days — Crosslinked nanofibers) /

Crosslinked nanofibers *100
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e (crosslinked nanofibers soaked in cell culture media for 7 days — Crosslinked

nanofibers ) / Crosslinked nanofibers *100

Process Value Uncertainty
M tx . txy (x,—xF +[x, -2 +. +[x,—xF
Average = N Fr= =1
E=F+F = F
Addition 4 5. = lo.f +lo,
o= = 2
Z=X- —
Subtraction 4 as = ylo.f +le,
2 & 2
T=Tky _ = Ty “y
Multiplica tion 4 Fr= 27 [f]Jr[?J
2 & 2
Z=F+¥ s.=z | Zx] 4|22
Division & T 7

The link is been aborted from the following website:

http://www.clemson.edu/ces/phoenix/tutorials/err
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Figure 42 plots a full X-ray photoelectron spectroscopy scan that was after nitrogen

ion implantation with a dose at 8 x10 %5 ions per cm?.
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Figure 44 plots a full X-ray photoelectron spectroscopy scan that was after helium

ion implantation with a dose of 12 x10 *>ions per cm?.
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Figure 46 plots a full X-ray photoelectron spectroscopy scan that was after nitrogen

(N+) ion implantation with a dose of 4 x10 1% ions per cm?.
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Figure 47 high resolution scan of nitrogen that was after nitrogen (N+) ion

implantation with a dose of 4 x10 ° ions per cm?.
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Figure 48 plots a full X-ray photoelectron spectroscopy scan that was after helium

ion implantation with a dose of 8 x10 ¥ ions per cm?.
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Figure 49 high resolution scan of nitrogen that was after helium ion implantation

with a dose of 8 x10 %° ions per cm?.
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Figure 50 plots a full X-ray photoelectron spectroscopy scan that was after helium

ion implantation with a dose of 4 x10 %5 ions per cm?.
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Figure 51 high resolution scan of nitrogen that was after helium ion implantation
with a dose of 4 x10 *® ions per cm?.
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Figure 52 plots a full X-ray photoelectron spectroscopy scan that was after nitrogen

ion implantation with a dose of 4 x10 %5 ions per cm?.
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Figure 53 high resolution scan of X-ray photoelectron spectroscopy scan that was

after nitrogen ion implantation with a dose of 4 x10 %° ions per cm?.
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Figure 54 plots a full X-ray photoelectron spectroscopy scan of un implantation as

control
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Figure 55 high resolution scan of nitrogen of un implantation as control
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