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Abstract

Tissue engineering deals with creating tissues, using patient-derived cells, in order
to restore, maintain or improve existing tissue function. In traditional tissue engineering,
tissues are grown in-vitro prior to insertion in the body, and thus a scaffold is needed to
support and guide the cells during growth. Nanofibrous scaffolds are considered
promising since they mimic the extracellular matrix, have a high surface area-to-volume
ratio, and possess excellent porosity and pore interconnectivity. In this research collagen
type 1 nanofibers were fabricated using electrospinning. Collagen nanofibers were
unstable in aqueous environments, and thus crosslinking was required. Glutaraldehyde,
which is cytotoxic to cells, is currently the chemical crosslinking agent used by most
research groups to stabilize collagen nanofibers. In this thesis, a novel approach, using
genipin (a natural crosslinking agent), was introduced to crosslink the electrospun
collagen nanofibers. Genipin has been proven to be significantly less cytotoxic compared

to glutaraldehyde.

Keywords: Tissue engineering, electrospinning, nanofibers, collagen, genipin,

crosslinking
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1 Introduction

The term ‘tissue engineering’ was first introduced during a bioengineering panel
meeting at the US National Science Foundation (NSF) in 1987. The following year, the
definition of tissue engineering was established during a NSF-funded workshop as “an
interdisciplinary field that applies the principles of engineering and life sciences towards
the development of biological substitutes that restore, maintain or improve tissue

Sfunction” [1].

Although it was not till 1987 that the definition was created, tissue engineering
was practiced long before then. One of the earliest references to tissue engineering was a
painting by Fra Angelica, in 1440, called ‘The Healing of Justinian’; in it, saints Damien
and Cosmos were depicted attaching a homograft leg to a wounded soldier [2]. The
beginning of tissue engineering, as we know it today, was in the early 1970s when Dr.
W.T. Green, a pediatric orthopedic surgeon at the Boston Children’s Hospital, attempted
to generate new cartilage by seeding chondrocytes on bone spicules and inserting the
constructs into nude mice. Although he was unsuccessful, he predicted the need to
fabricate biocompatible scaffolds and seed them with cells to generate new tissue.
Consequently, during the 1980s and early 1990s, various researchers were already
working on regenerating skin, encapsulating cells and tissue engineering blood vessels
[11. All previous researchers were using the idea of a ‘scaffold’ material, they all used
naturally occurring extracellular matrix (i.e. acellularized tissue) with chemical and
physical properties that could not be manipulated. Joseph Vacanti and Robert Langer
were of the first to introduce a scaffolding material with controlled properties. They
designed branching networks of synthetic biodegradable/biocompatible polymers [2].
Currently, both synthetic and natural biomaterials are being used to fabricate scaffolds for
different applications, such as wound healing and tissue engineering. Many researchers
prefer synthetic polymers due to their unparalleled tunability. However, new technologies
have emerged to allow better tunability of natural polymers, thus a paradigm shift
towards extracellular matrix polymers is taking place [3]. In this thesis, a natural polymer

was used to fabricate the scaffold. The biomaterial used was Collagen type 1, which is the

most abundant protein in the body.




Traditional tissue engineering, as practiced by most researchers, involves the
fabrication of a scaffold that contains growth factors (i.e. proteins that stimulate cells to
proliferate, migrate and/or differentiate), and seeding the scaffolds with patient-derived
cells (e.g. autologous adult stem cells). Cellular proliferation, differentiation and
arrangement in the scaffold are then controlled using custom-built bioreactors.
Regenerated tissue is then applied to the damaged or diseased area of the body to restore,

maintain or improve tissue function [2].

Scaffolds, previously designed only to provide physical support to cells, are now
being designed to mimic the mechanical, chemical and biological aspects of the native
extracellular matrix (ECM). Researchers are realizing that three-dimensional (3D)
scaffolds allow better cell growth and attachment compared to two-dimensional (2D)
scaffolds, since they better mimic the ECM of native tissues [4]. In addition, an i1deal 3D
scaffold should possess certain characteristics, such as: (1) Biocompatibility, (2)
Mechanical strength to provide physical support to cells, (3) Bioactivity to stimulate cell
attachment, migration, proliferation and orientation, (4) Interconnected pores to allow
cell migration into the scaffold and to allow the flow of nutrients into and wastes out of
the scaffold, and (5) Biodegradability (with non-toxic byproducts) at a similar rate to

tissue formation, [4].

One of the current popular approaches is the fabrication and application of 3D
nanofibrous scaffolds. The scientific community defines nanofibers as fibers with
diameters of 100 nm or less. However, the commercial sector considers fibers with
diameters less than 500 nm as nanofibers [5]. Nanofibrous scaffolds are considered the
most ideal in tissue engineering applications, since they: (1) Mimic the native
extracellular matrix, (2) Provide a high surface area to volume ratio that allows for better

cell attachment, and (3) Provide high porosity and pore-interconnectivity [5].

Therefore, based on the promising characteristics of nanofibers, the main
objectives of this research were to: (1) Fabricate a three dimensional type I collagen

nanofibrous scaffold via electrospinning, (2) Stabilize the scaffold in aqueous

environments using a natural crosslinking agent called genipin, (3) Characterize the fibers




morphology before and after exposure to an aqueous environment, and (4) Examine the

scaffold’s cell compatibility.

The novelty of this research lies in the use of genipin to crosslink electrospun
collagen nanofibers. A great deal of time was spent optimizing the crosslinking process.
Genipin has been proven to be ~10,000 times less cytotoxic compared to the widely-used
glutaraldehyde. Therefore, the potential use of genipin, as a chemical crosslinking agent,
to stabilize electrospun collagen nanofibers is considered a significant improvement over
the currently used glutaraldehyde. Successful crosslinking was achieved when the
nanofibrous morphology of the scaffold was maintained after exposure to an aqueous
environment for up to 7 days. Fiber morphology and swelling were studied after
crosslinking and after exposure to the cell growth media. The degree of crosslinking and
degradation were measured using the ninhydrin assay. The chemical compositions of
crosslinked samples were studied using Fourier-Transform Infrared spectroscopy (FTIR).

Finally, primary human fibroblasts were seeded on the scaffold and cellular attachment

and morphology were studied.




2 Background and literature review
2.1 Electrospinning

Electrospinning (electrostatic spinning) is a method of producing polymeric
nanofibers by introducing a liquid jet, containing a polymer, into an electric field through
a millimeter diameter nozzle [6, 7], A conventional electrospinning setup is composed of
a syringe with a metallic needle, a syringe pump, a high voltage power supply and a
metal collector (Figure 1). The polymer is either melted or dissolved in a solvent, and
then fed into the syringe. The syringe is placed on a syringe pump and the solution is
delivered at a controlled flow rate. An electric field is created by grounding the needle
and charging the collector or vice versa. The induced electric field causes charging of the
solution. At a specific voltage, when the electrostatic force exceeds the surface tension of
the liquid droplet at the tip of the needle, a Taylor’s cone is formed and the polymeric jet
is ejected (Figure 2) [6, 7]. At low electric fields, the jet travels in a straight line and
deposits on the collector. However, at high electric fields the polymeric jet first travels in
a straight line, and then undergoes chaotic bending called ‘whipping instability’. This
instability speeds up the solvent evaporation rate, and deposits the polymer on the
collector as dry, randomly oriented fibers. Shin et al. used high speed photography to
demonstrate that the chaotic whipping grows wider, in a conical form, as the jet travels
towards the collector [6]. The whipping instability is responsible for reducing the fiber

diameters from micrometers to nanometers due to the stretching of the polymeric jet [6].

Figure 1. The electrospinning setup used in our lab



Increasing voltage A (A

Figure 2. Effect of voltage increase on creating a Taylor's cone and ejecting a polymeric jet

Although the requirements for electrospinning nanofibers seem simple, in reality
there are many parameters that affect fiber formation and final morphology. The main

parameters can be divided into process parameters and solution parameters (Table 1).

Table 1. The two groups of electrospinning parameters

Solution parameters Process parameters
Viscosity Voltage
Surface tension Tip-to-Collector distance
Conductivity Feed-rate

Orifice diameter
Type of collector

2.1.1 Solution parameters

Solution parameters affect the final fibers’ morphology, diameters and bead

formation (defects in the fibers).

2.1.1.1 Viscosity

Polymer concentration and molecular weight (MW) are the two factors that affect
the viscosity of the solution. Cui et al. performed an orthogonal experimental design to
analyze the correlation between different electrospinning variables and found that the two
parameters that had the most significant effects on fiber diameters and percent bead
formation were the polymer concentration and the MW [8]. At low polymer
concentrations the fibers do not dry before reaching the collector, and therefore contain a
high percentage of beads; this is attributed to the inadequacy in the amount of polymer
entanglements available [8]. Polymer entanglements are essential since they prevent the
electrically charged jet from breaking up during electrospinning. As the polymer
concentration is increased, entanglements increase, hindering the jet from breaking off
and thus smooth fibers with few beads are formed. However, increasing the concentration

above a certain limit will inhibit electrospinning due to high cohesiveness in the solution



[8]. The MW represents the length of a linear polymer chain, and thus a high MW means
a longer polymer chain. Longer polymer chains will cause more entanglements, which in
turn increases viscosity. Consequently, increasing the MW will increase fiber diameters
and reduce bead formation. Electrospinning polymers with short branched chains are
unfeasible, due to the lower number of entanglements and lower hydrodynamic radiuses
as compared to linear polymers. However, highly branched poly(urethane urea)s have
been successfully electrospun at high concentrations, compared to the linear chains. A
high concentration was needed to increase entanglements due to the low hydrodynamic
radius possessed by these branched polymers (even though the MW of the branched
polymers was higher than its linear counterpart) [9, 10]. However, as is the case with
polymeric concentration, increasing the MW beyond a certain limit will prohibit
electrospinning. Therefore, it can be concluded that at a specific range of polymer
concentrations and MWs electrospun fibers can be obtained with no beads and with

nanometer diameters. This range is dependant on the type and properties of polymer used

[5].

2.1.1.2 Surface Tension

Solvent molecules attract each other via intermolecular forces and each molecule
in the solvent is pulled from all directions, thus the net force on the solvent molecule
inside a solution is zero. However, the molecules on the surface are pulled into the
solution, away from the surface, by the molecules deep in the liquid and weaker forces
from the air molecules, therefore are exposed to a net force into the solution [5]. This

causes the surface to be under tension and the phenomena is called surface tension.

Surface tension is responsible for the formation of a stable jet as well as the
occurrence of beads [5]. At the instant the electrostatic force overcomes the surface
tension of the liquid molecules, a charged jet forms. However, solutions with high surface
tensions cause the jet to break and droplets to form instead. Decreasing the surface

tension allows the formation of fibers with no beads [5].



2.1.1.3 Solution Conductivity

Stretching of the jet takes place due to the repulsion of the charges within the
solution. Therefore, if the conductivity of the solution is high, jet stretching will increase,
resulting in smaller fiber diameters. Increasing conductivity can be achieved by adding
small amounts of salt or polyelectrolytes [5]. Qin et al. were unable to electrospin
polyacrylonitrile (PAN) without the use of salt (lithium chloride). Increasing the salt
concentration, increased conductivity and resulted in finer fiber diameters [11].
Arayanarakul et al. were able to electrospin bead-free Polyethylene oxide (PEO) fibers
using a sodium chloride concentration above 0.5% (w/v). However, contrary to Qin et al.,
increasing the salt concentration resulted in an increase in fiber diameters. This was
attributed to the delay in the whipping instability caused due to increased conductivity

[12].

2.1.2 Process parameters
2.1.2.1 Voltage

There have been contradicting views in the literature concerning the effect of
voltage on fiber morphology and diameters. In theory, increasing the voltage increases
the charging of the polymeric solution and in turn increases the stretching of the
polymeric jet, which reduces fiber diameters [8]. Moreover, increasing voltage also
increases the speed of the polymeric jet, shortening the time of travel to the opposite
electrode, which in turn can cause wet fiber deposition and formation of beads [13, 14].
Nair et al., however, found that increasing voltage enhanced the morphology of the fibers
and reduced beading [15], These contradicting views are due to the different solvents
systems and polymers being used. The effect of voltage is coupled with other solution
parameters such as conductivity and surface tension. Cui et al. concluded from statistical
analysis using the orthogonal experimental design, that voltage was not as significant

compared to the polymer concentration, molecular weight and the solvent system [8].



2.1.2.2 Tip to collector distance

The tip-to-collector distance determines the flight time of the fiber. Larger
distance allows for longer flight time and thus more stretching of the fibers and more
solvent evaporation; this results in finer, dry fiber formation. However, increasing the
distance decreases the electric field gradient, thus a compromise between these two
parameters has to be established [5]. Some groups observed bead formation at shorter
distances, which was eliminated when distance was increased [16, 17]. Hong et al., on the
other hand, was able to control the final morphology by varying the tip-to-collector
distance; single layer macroporous films were achieved by reducing the distance, while

smooth nanofibers were formed once the distance was increased [18].

2.1.2.3 Feed rate

The feed rate determines the amount of solution being exposed to the electric field
at a given time. For every voltage there is a corresponding feed-rate that will allow the
formation of a stable Taylor’s cone. An interesting study by Ojha et al. showed that using
medium molecular weight nylon-6 (50,000 g/mol), beads were formed at low flow rates;
increasing the feed rate resulted in smooth fiber formation. However, further increasing
the feed rate prohibited electrospinning from taking place. To the contrary, using a high
molecular weight nylon-6 (63,000 g/mol) yielded smooth fibers at low feed rates and

beaded fibers as the feed rate was increased [17].

2.1.2.4 Orifice diameter

Decreasing needle orifice diameters can reduce the fiber diameters only in some
polymers. Katti et al. found that a significant reduction of fiber diameters is observed by
using a 20 Gauge needle (inner diameter of 0.584 mm) rather than al6 Gauge needle
(inner diameter of 1.194 mm). However, no significant difference in fiber diameters was
observed between an 18 Gauge (inner diameter of 0.838 mm) and a 20 Gauge needle
[19]. Decreasing the needle diameter beyond a specific diameter may inhibit the

extrusion of the solution to the tip [5].



2.1.2.5 Type of collector

The collector in most cases is made of a conductor, in order to remove any
accumulated charges on the fibers once deposited on the collector. However, using a non-
conductor material as the collector, will result in a charge build up on the surface of the
fibers and repulsion among fibers [5]. Therefore, using a non-conductor will produce a
lower packing density of fibers compared to a conductor. Different research groups have
implemented various collector designs (Figure 3). The fibers form a non-woven,
randomly oriented mesh on stationary collectors. However, for some tissue engineering
applications, such as nerve regeneration, aligning the nanofibers is essential. The most
basic way of acquiring aligned fibers is by using a rotating mandrel [20]. Matthews et al.
aligned collagen fibers by rotating the mandrel at 4500 RPM (Figure 3A) [20]. Another
method is to use a knife-edge disk as the collector (Figure 3B). This disk will alter the
profile of the electrostatic field by focusing the field towards the edge of the disk. The
rotation of the disk coupled with the focusing of the electric field allows for excellent
fiber alignment [21]. Li et al. proposed a more recent design. The design includes two
static collectors with a gap in the middle (Figure 3C). This conformation causes the
splitting of the electric field towards the sides of the collectors and thus aligning the

fibers across the gap [22].

Figure 3. Different types of collectors used to align electrospun fibers: [A] Rotating mandrel, [B]
Rotating disk and [C] “Two-electrodes’ setup (Adapted from [20-22])

2.1.3 Electrospinning of natural and synthetic polymers

A wide range of synthetic and natural polymers have been successfully

electrospun. Some of these synthetic polymers include: poly(vinyl alcohol) [23, 24],



10

poly(L-lactic acid) [25, 26], poly(lactide-co-glycolide) [27, 28], poly(urethane) [29], and
polycaprolactone [30, 31]. As for natural polymers, both polysaccharides and proteins
have been electrospun. Some examples include: gelatin [32, 33], collagen type | [20, 34-
37] and type Il [38], chitosan [39, 40] and hyaluronic acid [41,42]. Different groups have
also electrospun blends of both natural and synthetic polymers, to achieve characteristics
that cannot be achieved by using one of the polymers alone; some of these blends are:
gelatin/polycaprolactone [43], chitosan/poly(ethylene oxide) [44], collagen/ poly
(ethylene oxide) [45], gelatin/hyaluronic acid [46] and collagen/chitosan [47]. The
ability to tailor the chemical and physical structures of these nanofibers allows them to be
used in a wide range of applications, especially as scaffolds for tissue engineering. The

material this thesis focuses on is electrospinning collagen type |I.

2.2 Collagen

Collagen is the most abundant protein in all vertebrates [48, 49]. At present, there
are at least 27 different types of collagen that have been discovered [48]. All these
collagen types share the same recurring amino acid sequence of (Glycine - X - Y) [50].
They also share the same triple helical structure formed by the intertwining of three
peptide chains [48]. They differ however in their macrostructures and their
supramolecular assemblies. In addition, each type plays a different role in the tissue they
reside in. With all these variations, the definition of a collagen molecule was best stated
by Vanderrest et al. as: “A collagen molecule is a structural protein of the extracellular
matrix (ECM) which contains one or more domains having the conformation of a

collagen triple helix” (a triple helix molecule will be defined in section 2.2.1) [51].

Collagen type | has been studied extensively since the 1950s and was the only
type known until 1969 where Miller et al. discovered collagen types Il (major
collagenous protein in cartilage) and Il (accompanies collagen type | in various tissues)
[52, 53]. Up till that point, all these collagens were linear fibrils; it was not till 1971 that
the study of collagen got more interesting. In 1971, Kefalides et al. discovered collagen
type 1V in the basement membrane [54] which was structurally different from collagens I,
Il and I11. Type IV collagen forms a meshwork of filaments rather than linear fibrils [51].

Other types of collagens are divided into various categories depending on their structure;



some of them are mentioned here. Linear fibril structures include collagen types I, I, IlI,
V, Xl, XXIV and XXVII. Network fibrils include collagen types IV, VI, VIII and X.
Fibril-associated collagens with interrupted triple helices (FACITs) are non-fibrillar
collagens with the function of binding different molecules in the ECM together, and they
include collagen types IX, XII, XIV, XVI, XIX, XX, XXI, XXII [48, 51]. In the
following sections, only collagen type | will be discussed, since it is the collagen type

used in this thesis.

2.2.1 Molecular structure of collagen type I

The collagen molecule is composed of three polypeptide a chains (2 ai and 1 ()
intertwined to form a triple helix. The ai and a2 chains have similar MWs of ~100,000
and 33% of the amino groups are glycine. However, the chains significantly differ in their
amino acid content [55]. Each of these chains forms a left-handed helix and all three form
a right-handed super-coil that is stabilized through interchain hydrogen bonds (tertiary
structure). Thus, the collagen molecule can be thought of as a coiled-coil triple helical
structure [50, 51, 56], This structure was first proposed by Ramachandran et al. from

Madras [57].

The primary structure (i.e. the sequence of amino acids) of each of those chains is
responsible for the triple helix formation. Each chain contains 1200 or more residues with
glycine repeating every third amino acid [58]. In addition, the sequence glycine-proline-
hydroxyproline, occurs in more than 10% of the molecule [50, 56]. This primary structure
results in the formation of the left-handed helix (secondary structure) with approximately
3.33 residues per turn, or 10 residues per 3 turns [59]. Every third residue, in individual
chains, is located towards the middle of the major triple helix structure, and thus should
not contain any side groups, to avoid inter-chain atomic contacts. This explains the
appearance of glycine, every third residue [56]. Glycine is the only amino acid that
contains hydrogen at both the non-backbone atoms to the a-carbon; this allows for the
tight packing of the three peptide chains [60]. The whole collagen molecule is 300 nm
long and 1.5 nm wide [61].

The precursor of the collagen molecule, also known as the procollogen molecule,

is synthesized in the cell and contains the triple helical structure but with two non-helical
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ends attached (the N-terminal and C-terminal). Procollagen is released by the cell into the
extracellular space and enzymatically trimmed from the two non-helical ends, forming a
collagen molecule that self assembles into fibrils (Quaternary structure). An exception is
the formation of small-diameter collagen fibrils, where the N-terminal is not removed

during selfassembly [50].

2.2.2 Fibrillogenesis

Both X-ray diffraction studies and electron micrographs suggest that collagen
fibers are highly organized structures. Collagen fibers exhibit a banding pattern (D-
period) that is unique to collagen. The length of this banding is tissue-specific (i.e. 67 nm
in rat tail collagen and 64 nm in human dermis) [61]. This banding was first observed in
the early 1940s by Wolpers in Germany and Hall et al. in the USA [62]. The first model
to explain the banding was suggested by JW. Smith in 1968 and has been widely
accepted [50, 63]. The model stated the formation of microfibrils that involve five
collagen molecules that are axially aligned. The lateral and end-to-end aggregation of
these microfibrils gives rise to the ‘gap’ and ‘overlap’ sections of the collagen fiber [50].

The number of microfibrils assembled, gives rise to different fiber diameters [64].

2.2.3 Role of collagen type I in tissues

The main function of collagen type | is to provide stiffness and mechanical
support to the cells in the tissue, especially connective tissue. The three types of cells that
produce, absorb, and organize collagen fibers are fibroblasts, osteoblasts and
chondrocytes. Fibroblasts are found in many connective tissues, chondrocytes are found
in cartilage, and osteoblasts are found in bone. The alignment of collagen fibers can
dictate whether the tissue is isotropic or anisotropic. For example, collagen fibers in
healthy skin are more randomly oriented compared to scar tissue, which contains
collagen fibers oriented parallel to the mechanical loading [65]. In the Submucosa of the
small intestine, the collagen fibers run diagonally around the intestine wall, with fibers
oriented clockwise and others anticlockwise to achieve a final interwoven architecture of
collagen fibers [66]. In aortic heart valves the collagen is aligned circumferentially in the

top layer (fibrosa) in order to resist the tension produced by blood during diastole [67]. In
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conclusion, collagen is the load-bearing protein and its organization dictates the overall

mechanical properties of the tissue.

In addition to dictating mechanical properties of tissue, collagen also contains
sites for cell attachment. Culture dishes can be coated with collagen to enhance cell
attachment, especially for fibroblasts. Kleinman et al. demonstrated the importance of a
glycoprotein called c-CAP (collagen cell attachment protein) to attach trypsinized
fibroblasts to collagen. This glycoprotein, usually found on the cell surface, is damaged
when the cells are trypsinized (trypsin detaches the cells from the culture plate, in order
to be used). Therefore, serum in the growth media acts as an external source of c-CAP, to
promote cell attachment to collagen fibers. The sole binding site on the collagen molecule
that attaches to c-CAP is found on the al(l) chain [68]. In addition, fibronectin (an
extracellular matrix glycoprotein) can bind to both collagen and integrins found on the
cell surface. Fibronectin can also interface binding between cells and various other
extracellular proteins such as fibrin, heparin and gelatin. Interestingly, a research
demonstrated the increased affinity of fibronectin to gelatin (denatured collagen) as
compared to collagen. It was suggested that fibronectin attaches to the unfolded triple-
helices (denatured sections) in collagen fibers, in-vivo, and promotes clearance of these

sections from tissues [69].

2.3 Electrospinning collagen type |
2.3.1 Morphology of nanofibers

Matthew et al. reported the first successfully electrospun collagen type | fibers
from both calf-skin (CS) and human placenta (HP) [20]. Different concentrations of
collagen were dissolved in 1,1,1,3,3,3 hexafluroisopropanol (HFIP), a relatively volatile
dipolar aprotic solvent (boiling point of 61°C). Having a low boiling point is favorable in
electrospinning, since it allows the rapid evaporation of the solvent as the jet travels from
the tip to the collector, resulting in the deposition of dry fibers. The voltages applied, the
distance, and the flow rate were varied to reach an optimal combination of parameters
that resulted in bead-less fibers. The optimal results for CS collagen were obtained at an
optimal concentration of 0.083 g/ml, a voltage of 25 kV, a distance of 125 mm and a flow

rate of 5 ml/hr. These same parameters were used to electrospin HP collagen. The fibers
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obtained from CS had average fiber diameters of 100 £ 40 nm and the 67 nm banding
pattern native to collagen was observed using transmission electron microscopy (TEM).
On the contrary, the fibers obtained from HP were less uniform and resulted in a range of
diameters from 100 to 730 nm. The fibers were collected on a rotating mandrel at 4500
RPM, to induce alignment. All electrospun fibers were crosslinked in glutaraldehyde
vapor for 24 hours [20]. Subsequent investigation by other research groups adopted
glutaraldehyde (GA) vapor crosslinking. Moreover, most groups used HFIP as the

solvent.

Groups that electrospun CS collagen type | used similar concentrations to
Matthews et al., however different values for the process parameters were used to
optimize nanofibers production. Zhong et al. used 0.08 g/ml of CS collagen (from Sigma
Aldrich) in HFIP, which is similar to Matthews et al. [37]. However, the voltage used
was 15 kV, the distance was 15 cm and the flow rate was 1 ml/hr. The average fiber
diameters obtained was 250 nm for the randomly oriented fibers. SEM images show a
non-circular cross-section of the fibers as well as bulging that occurs in some areas.
Experimental conditions used, and resulting fiber morphologies reported in the literature,
are presented in Table 2. It is important to note that none of these groups showed any
transmittance electron microscopy (TEM) or atomic force microscopy (AFM) images to
confirm the 67 nm banding structure showed by Matthews et al. Moreover, recently Yang
et al. confirmed, using circular dichroism (CD) analysis, that the electrospun collagen
fibers were partly denatured and this was attributed to the effect of HFIP on destabilizing
the triple helix structure. It was claimed that only 45% of the electrospun collagen
contained the triple helix structure. In addition, the same group did not observe the 67 nm

banding native to collagen in any of the fibers [36].



Table 2. Summary of the electrospinning parameters used by different groups and an SEM of the
fiber morphology'

Groups SEM of electrospun CS collagen type |
Matthew et al. f201

Concentration: 0.083 g/ml

Voltage. 25 kV

Distancefrom collector. 12.5 cm

Flow rate. 5 ml/hr

Averagefiber diameter. 100 nm

Collagen purchased from: Cal
skin type | from Sigma Aldrich

Observations.  Fibers  have ;
circular cross section. The 67 nm
banding was observed (top right
SEM)

Zhong et al. [371

Concentration: 0.08 g/ml

Voltage. 15 kV

Distancefrom collector. 15 cm
Flow rate: 1 ml/hr

Averagefiber diameter. 250 nm
Collagen purchased from. Calf
skin type 1from Sigma Aldrich
Observations: Fibers don’t have a
circular cross-section, and bulging
occurs when fibers overlap

Rho et al. T35r

Concentration. 0.08 g/ml

Voltage. 15 - 20 kV

Distancefrom collector 8 cm
Flow rate: 1.2 m\i\\x-Averagefiber
diameter: 460 nm

Collagen purchased from: Calf
skin type | from, Regenmed Co.
(Seoul,Korea)

Observations: Fibers don’t have a
circular cross-section, they are flat

1Reproduced with permission from the American Chemical Society

2 Reproduced with accordance to the “fair dealing” criteria in Canada, provided
by John Wiley and Sons, Inc.

3 Reproduced with permission from Elsevier Limited

fiViiu



Lietal. 170]4

Concentration. 0.083 g/ml
Voltage: 10 kV

Distancefrom collector. 15 cm
Flowrate: Iml/hr

Averagefiber diameter: 350 nm
Collagen purchased from: Calf
skin type | from Sigma Aldrich
Observations: Collagen fibers are
straight and AFM confirms that
they have a circular cross-section.
However, no 67 nm banding has
been observed using the AFM

Yang et al. 13615

Concentration: 0.08 g/ml

Voltage: 19-21 kV

Distance from collector: 15-20
cm

Flow rate: 4.8 ml/hr

Averagefiber diameter: 350 nm
Collagen purchased from: Calf
skin type | from Elastin Products
Company Inc.

Observations:  Splitting of the
fibers can be observed, and fusing
occurs at junctions were fibers are
overlapping. The authors also
report the absence of the 67 nm
banding

4 Reproduced with permission from Elsevier Limited
5Reproduced with permission from Elsevier Limited
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2.3.2 Crosslinking
2.3.2.1 Glutaraldehyde

Currently, most groups use glutaraldehyde (GA) vapor to crosslink their
electrospun collagen nanofibers. This is convenient since it does not involve placing the
samples in an aqueous environment to perform crosslinking. Exposing electrospun
collagen nanofibers to aqueous environments with as low as 5% water cause a rapid fiber
swelling and lose of the nanofibrous morphology. Thus, GA vapor was used by most
groups to maintain and stabilize the nanofibrous morphology [35]. Rho et al. showed that
collagen samples crosslinked using GA vapor for 12 hours, had an 18% reduction in
porosity compared to the uncrosslinked sample; this was confirmed from the images
presented [35]. Due to the poor final morphology of GA-crosslinked fibers, few groups

show post crosslinking images.

Besides the inability to control fiber swelling using GA, another major drawback
of GA is its cytotoxicity to cells. Usually after crosslinking with glutaraldehyde the
collagenous samples are rinsed in a glycine solution to remove all un-reacted
glutaraldehyde. However, even when cross-linked tendon samples were rinsed for up to 6
months, small amounts of glutaraldehyde were released and killed surrounding
fibroblasts [71]. Other groups have also confirmed the cytotoxicity of GA [72-74]. This
raises the concern over the long-term stability of GA crosslinking. In addition, an ideal
scaffold should degrade with time, and if GA is used to crosslink the sample, its release
during scaffold degradation can cause significant cell death. Currently, GA is used to
crosslink and stabilize bioprostheses that do not contain any cells, and even then, any
observed cytotoxicity has been attributed to leaching out of GA into the surrounding

environment [75].

2.3.2.2 EDC/NHS

Due to the problems with GA, other crosslinking methods are currently being
explored to stabilize electrospun collagen nanofibers. Barnes et al. attempted to crosslink
collagen type II electrospun fibers using three different methods: (1) I-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) in pure ethanol, (2) EDC and

N-hydroxysuccinimide (NHS) in pure ethanol and (3) glutaraldehyde solution for
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comparing morphology and mechanical properties. Although the authors mentioned the
importance of maintaining fiber integrity when soaked in water, the SEM images show

significant fiber swelling in solution and the lose of the nanofibrous morphology [76].

Buttafoco et al. were the first group to use EDC/NHS to crosslink electrospun
collagen/Polyethylene oxide (PEO) fibers [77]. PEO was used to increase the
conductivity of the solution since collagen was being electrospun from a slightly acidic
water solution. Sodium chloride was also added to the solution, to produce continuous
fibers. Crosslinking was performed by placing the electrospun mats in an EDC/NHS
solution of 70% v/v ethanol/water. The authors claimed that no change in morphology
was observed after crosslinking. However no SEM images of the final electrospun
samples were shown. It is important to mention that, they did not observe the 67 nm
banding native to collagen after doing TEM and SEM analysis. This observation is

consistent with all the other groups except for Matthews et al. [77].

2.3.2.3 Genipin

Since there still remains a need for a more cell friendly chemical crosslinking
agent to stabilize electrospun collagen nanofibers, genipin (a natural crosslinking agent)
was investigated in our lab as an alternative to glutaraldehyde. Genipin is a natural
crosslinking agent that is derived from geniposide found in the fruits of Gardenia
jasminoides Ellis (Figure 4). The geniposide is hydrolyzed with 3-glucosidase to produce
genipin and when genipin reacts with primary amine groups it produces blue pigments
[78]. Recently, genipin has been substituting glutaraldehyde in fixing bioprostheses. Sung

et al. in Taiwan have been doing extensive work on the cytotoxicity and biocompatibility

of genipin as a crosslinking agent [79-81].
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Figure 4. Genipin molecule

Genipin has been found to be ~10,000 times less cytotoxic than GA. In addition,
genipin induced ~5000 times greater cell proliferation (3T3 mouse fibroblasts) compared
to GA [81]. When a genipin-fixed porcine pericardium was implanted subcutaneously in
growing rat models, the inflammatory reaction was less than the GA and epoxy fixed
counterparts. It was also found that the calcium levels in the genipin-fixed tissue were
minimal throughout the course of the study (12 weeks) but this was not an indication that
genipin is fully calcification-proof [82]. Tsai et al. evaluated the geno-toxicity of genipin
in-vitro with comparison to GA and found that GA significantly inhibited cell-cycle
progression of Chinese hamster ovary cells (CHO-K1), while genipin did not show any
delay in the cell cycle. In addition, it was shown that GA can cause a weak clastogenic
response (i.e. damage to the chromosomes) while genipin did not cause a clastogenic
response in CHO-K1 cells provided its concentration was lower than 50 ppm [83].
Another study by Chang et al. was to evaluate cellular (CP) and acellular bovine
pericardia (ACP) fixed with genipin compared to GA. All samples were implanted
subcutaneously in a growing rat model. Both CP and ACP fixed with genipin induced a
significantly lower inflammatory response compared to their GA counterparts. In
addition, the inflammatory reactions for the GA fixed ACP and CP lasted much longer
compared to the genipin-fixed counterparts. Moreover, tissue regeneration was faster in
the genipin-fixed samples compared to GA [84]. In summary, from all the above studies
it can be concluded that genipin is less cytotoxic than GA and hence more biocompatible.
Furthermore, genipin led to faster tissue regeneration compared to GA which 1s very

important for tissue engineering applications.

Sung et al. did extensive studies on using genipin to fix collagenous tissues such

as the bovine pericardia in comparison with other crosslinking molecules such as GA and
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epoxy [79, 80]. In the case of the pericardia fixation, the degree of crosslinking was
comparable using all three methods (Genipin, GA and epoxy). The denaturation
temperatures of the genipin and GA crosslinked pericardia were significantly higher than
those crosslinked with epoxy. The anisotropy of the pericardium was lost when
crosslinked with all three methods. However, genipin affected the anisotropy the most,
making the mechanical properties (ultimate stress, strain at fracture, modulus of elasticity

and toughness) similar in horizontal and vertical samples [79].

Prior to using genipin as a crosslinking agent, researchers in the food industry
investigated its use as a food dye. Papers were published that attempted to explain the
blue pigment formation when genipin reacted with a primary amine group. Touyama et
al. were one of the first groups to study the intermediate brownish-redish pigments that
lead to the blue pigment formation [85, 86]. The group emphasized the necessity of
oxygen for blue pigment formation. When methylamine (a primary amine) was reacted
with genipin, under nitrogen, the reaction mixture turned yellow then brownish-red. The
solution turned blue only when oxygen was introduced. In addition, the brownish-red
mixture contained pigments that were all intermediates to the blue pigment formation.
These pigments were found to be dimers, trimers and tetramers of the molecule 2-methyl-
4-carbomethoxy-2-pyrindine, based on spectroscopic analysis [86]. A year later,
Touyama et al. published the proposed formation mechanism of those brownish-red

pigments [85].

Paik et al. tested the physical stability of the blue pigments formed by reacting
glycine, lysine and phenylalanine with genipin. The studies involved testing the stability
of the pigments dissolved in buffers with a pH of 5, 7 and 9. Thermal stability was
measured with scanning intervals of 30 minutes at temperatures from 60 to 90 °C. Light
stability was measured at light intensities of 5000 — 20,000 lux. The optimum pH for blue
pigment formation was found to be 7 for all three amino acids. Blue pigments formed by
reacting glycine and genipin at 60 °C for 10 hours were more stable in an alkaline pH
compared to acidic and neutral conditions. This was due to the formation of more blue
pigments from dimer and trimer intermediates. Lysine also formed more blue pigments in
an alkaline pH, due to the extra primary amine group. Phenylalanine was also more stable

in alkaline conditions. Moreover, under different light intensities, all three amino acids
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were stable at 5000 and 10,000 lux. However, at 20,000 lux, blue pigments in alkaline

solutions were least stable compared to acidic and neutral environments [87].

Butler et al. demonstrated the mechanism and kinetics of crosslinking
biopolymers containing primary amine groups with genipin. Qualitative results showed
that: (1) At genipin concentrations below 0.1 mM, there was no significant change in
color, while at higher concentrations the solution turned green and then blue, (2)
Solutions of acetyl-glucosamine and genipin remained clear, even after days elapsed (i.e.
genipin did not react with a secondary amine group), (3) No qualitative difference
between mixtures of chitosan and genipin in the dark compared to those exposed to
daylight or artificial light, (4) Exposing the mixture to air had a significant influence on
the development of the blue color, (5) Using deuterium oxide as a solvent slowed the
reaction compared to water and (6) Bovine serum albumin and gelatin solutions with
polymers in excess of 10 wt% and genipin concentration of 15 mM and higher were

required to form a gel [88].

Ultraviolet-visible ~ spectroscopy, '“C-NMR, protein-transfer reaction-mass
spectroscopy, photon correlation spectroscopy and rheology, were all characterization
techniques used by Butler et al. to study the genipin crosslinking mechanisms (Figure 5).
Two crosslinking reactions that involve different sites on the genipin molecule were
proposed. The first reaction involves a nucleophilic attack of the primary amine group on
the C3 carbon of genipin to form an aldehyde group. Opening of the ring is then followed
by attack of the secondary amine group on the aldehyde group resulting in a tertiary
amine group, thus the link is formed between the biopolymers and genipin. This reaction
happens immediately after mixing the biopolymers and genipin. The second slower
reaction is a SN2 nucleophilic substitution that involves the replacement of the ester group
on genipin by a secondary amide linkage. This was evident due to the release of methanol
which was observed only with glucosamine-genipin mixtures and not with acetyl-
glucosamines-genipin solutions; this further proves that the primary amine group was the
nucleophile in the reaction. This second reaction is slower and requires acid catalysis,

which explains the slower reaction in deuterium oxide as compared to water. The author

also suggests that more complex reactions take place for the blue pigment formation.
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Figure 5. The two reaction mechanisms between genipin and a primary amine group, proposed by
Butler et al. [88]
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Mi et al. discovered that genipin can form oligomers after being attacked by a
nucleophilic reagent. These oligomers can crosslink chitosan molecules in the form of
dimmers, trimers or tetramers. Moreover, this polymerization of genipin does not take
place without a nucleophilic reagent [89]. In a different paper, Mi et al. also discovered
that genipin self polymerizes at a pH of 13.6 forming a viscous brown solution. The
polymerized genipin molecules had molecular weights of 1600 — 20,000 and to consist of
7 — 88 monomers. At a high pH, the nucleophile OH™ attacks the genipin molecule and
opens the ring to form aldehyde groups. The ring-opened genipin monomers then
polymerize via an aldol condensation reaction. At a pH of 1.2, 5, 7.4 and 9 there was no

evidence of ring opening polymerization of genipin [90].

Although various groups studied the crosslinking mechanism, the relationship
between crosslinking and blue color formation is still controversial. Whether the color

change is an indication of crosslinking or just a byproduct of genipin polymerization is a

question yet to be answered.
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2.4 Cell-substrate interactions

Primary human fibroblasts were the source of cells used in this research.
Therefore, a literature review was essential to understand the different cell morphologies

that can be acquired based on dimension (2D vs. 3D) and mechanical stress.

Fibroblasts are a type of mesenchymal cells that are migratory and secrete more
collagen and fibronectin compared to epithelial cells [91]. Fibroblasts are also capable of
secreting growth factors, sensing the mechanical tension in the surrounding tissue and
applying forces to other cells and the extracellular matrix [92]. They are considered
support cells (provide the structure of tissue) along with chondrocytes (secrete ECM
components of cartilage), osteoblasts (secrete ECM components of bone), myofibroblasts
(secrete ECM components and have contractile abilities) and adipocytes (lipid-storing
cells that have a cushioning and padding function) [93]. All support cells are derived

from the mesenchyme, in the mesoderm, during embryological development [91, 93].

For decades, cellular dynamics and processes were studied in a 2D culture
environment. It was only recently that cell experiments were carried out in a 3D
environment to better mimic the in-vivo conditions [94]. An example of the effect of
topography is shown by the difference of mesenchymal cell morphology in 2D versus 3D
environments. On a 2D environment (e.g. cover slips), mesenchymal cells form actin
aggregated stress fibers, flatten out and lose their migratory abilities. However, in-vivo
and on 3D ECM matrices, mesenchymal cells are acquire migratory abilities and possess
a bipolar elongated morphology and filopodia (projections that extend from the leading
edge of a migrating cell) [91].

In addition to the topography, rigidity of the substrate is also important in guiding
cellular morphology and signaling [94-96]. Most of the cell studies in the literature were
carried out on 2D, highly rigid, planar surfaces [97], which do not fully mimic the in-vivo
conditions [96]. Fibroblasts acquire a flattened, lamellar morphology with actin-
aggregated stress fibers when cultured on 2D collagen-coated cover slips [95]. However,
upon culturing on 3D collagen matrices that are ‘stressed’ (i.e. under tension), the cells

acquire a bipolar or stellate (i.e. star-like) morphology [95, 98]. Growing fibroblasts in

3D matrices that are not stressed (e.g. floating collagen matrices) yielded dendritical
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extensions in the cells [95, 98, 99], which were identical in morphology to the ‘resting’
fibroblasts in-vivo [100, 101]. It was also demonstrated that cells on floating 3D collagen
matrices had dendritic extensions that were highly dynamic (retracted and protruded) and
contained gap junctions that allowed metabolic interactions between cells [95]. Grinnell
et al. also studied the effect of platelet—derived growth factor (PDGF), and
lysophosphatidic (LPA) on the morphology of fibroblasts in floating collagen matrices
[102]. PDGF, which is a pro-migratory protein, caused the dendritic network to protrude,
while LPA, which is a pro-contractile phospholipid, caused the retraction of the dendritic
network [96]. In addition, the cell density on the floating collagen samples can affect the
local and global matrix remodeling processes. Local remodeling was quantified by
measuring the movement of collagen-embedded beads towards the cell, while global
remodeling was quantified by measuring matrix contraction. Global and local remodeling
are also dependent on cell density. A high density of cells (10° cells) cause both local and
global remodeling to take place, while a low density (10° cells) causes local remodeling

to take place when PDGF or LPA are introduced [102].

Fibroblasts cultured on 3D stressed collagen matrices undergo proliferation, while
cells cultured on floating collagen gels acquire a quiescent phenotype [103]. In addition,
it was reported that the only time fibroblasts in-vivo have a spread morphology with focal
adhesions and stress fibers, was during fibrotic conditions (e.g. wound repair) [95].

Fibroblasts can ‘sense’ the tension of the substrate they are on by using their filopodia

and can acquire different morphologies and characteristics accordingly [92].
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3 Materials and Methods
3.1 Materials

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

o Rat tail collagen type 1

o 1,1,1,3,3,3 Hexafluoroisopropanol (> 99%)

o Glutaraldehyde (25% in water)

o Anhydrous Isopropanol (99.7%)

o Stannous Chloride (anhydrous, 99.99%)

o Sodium acetate trihydrate (> 99 %)

o Ethylene glycol (spectrophotometric grade, > 99%)

o Ninhydrin (97 %)
¢ Genipin was purchased from Challenge Bio Products Ltd., Yun-Lin Hsien, Taiwan
e Dulbecco’s modified essential medium (DMEM) was purchased from Invitrogen

Corporation, Burlington, ON, Canada

e Glacial acetic acid was purchased from Caledon Labs, Georgetown, ON, Canada

3.2 Electrospinning

The electrospinning equipment included: a high voltage power supply (Glassman
high voltage company), a metal plate collector connected to the high voltage power
supply, and a syringe pump (Kd Scientific Model KDS 101) placed on a mechanical jack
for position control. A home-built rotating mandrel was used to align fibers (Figure 6).
Disposable 1 ml plastic syringes from BD science, and a blunt-ended 18.5-gauge stainless
steel needle were used to introduce the collagen solution into the electric field. A metal
electrode was attached to the needle to ground it. The electrospinning parameters
controlled were: voltage (V), tip to collector distance (D) and the feed rate (Q). The only

solution parameter controlled was the collagen concentration. Fibers were electrospun on

aluminum foil that was wrapped around the collector plate.
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Figure 6. The electrospinning setup with the home-built rotating mandrel

A collagen concentration of 5 wt% dissolved in HFIP, a voltage of 24 - 28 KV, a
tip to collector distance of 13 cm, and a feed rate of 0.15 - 0.2 ml/hr yielded collagen
nanofibers with no beads. All electrospinning was carried out in a fume hood at room

temperature.

3.3 Crosslinking

Two major crosslinking methods were tested in this research: Crosslinking post

electrospinning (successful) and crosslinking prior to electrospinning (unsuccessful).

3.3.1 Genipin-crosslinking prior to electrospinning

In this approach genipin was added to the HFIP/collagen solution and mixed for
five hours, with the lid open (to expose the solution to oxygen), and electrospun. The
solution was mixed for a maximum of five hours, after which gelation occurred and
rendered electrospinning impossible. Combinations of experimental parameters such as
collagen, genipin, and ethanol concentrations were studied. One of the experimental
combinations that yielded collagen/genipin fibers with no beads or genipin crystals
included: 3.75 wt% collagen in HFIP, 0.015 M of genipin and 20 v/v% of ethanol (added

to reduce viscosity).

3.3.2 Genipin-crosslinking post electrospinning

In this approach, three experimental parameters were varied: (1) the solvent used

(isopropanol vs. ethanol), (2) water content in solution (0%, 1%, 3%, and 5%) and (3)
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reaction time (1,3 and 5 days). The concentration of genipin was fixed at 0.03M (~11.3
mg of genipin per mg of collagen) [104],

Electrospun samples were placed in vials containing 20 ml of the crosslinking
solution and were placed in a 37°C incubator to speed up the crosslinking reaction. Lids
were loosely screwed, to allow exposure to oxygen. After the specified period of
crosslinking, all samples were stored in isopropanol or ethanol (depending on the
crosslinking solvent used during crosslinking) to maintain sterility until cell seeding was

performed.

3.3.3 Glutaraldehyde crosslinking

Crosslinking using glutaraldehyde vapor was achieved by placing the electrospun
samples on top of a 25% GA solution for 24 hours. The samples were then washed with
PBS and placed in a 0.1M glycine solution overnight, to remove any un-reacted

glutaraldehyde. A final washing in PBS was carried out to remove excess glycine.

3.4 Cell seeding experiments

Primary human fibroblasts were acquired from the palmar hand fascia of patients
that underwent carpal tunnel release surgery. The primary culture obtained from the
clinical specimen were maintained in a-MEM + 10% FBS + antibiotics until use [105].

All fibroblasts used were passaged less than 7 times.

34.1 Cell attachment

The growth media in culture plates, containing fibroblasts, was aspirated (sucked
out) and the cells were washed with PBS. 3 ml of trypsin was added and the culture plate
was placed in an incubator for 5 minutes to detach the cells. 1 ml of growth media (a-
MEM supplemented with 10% FBS, streptomycin, and glutamine) was then added to
deactivate the trypsin. The solution containing cells was then placed in a centrifuge tube
and was centrifuged for 4 minutes. The supernatant was then aspirated, without breaking
the pellicle (i.e. cells) and 1 ml of growth media was added. The pellicle was then broken
and the solution was pipetted up and down until a uniform solution of cells was formed.
A cell count was then performed using a hemocytometer and the solution was diluted to

acquire the desired cell concentration.
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The crosslinked collagen samples were washed thoroughly with PBS and placed
on glass cover slips for 30 minutes. Samples were then placed in a 24-well plate and

seeded with 2.5 x 104cells/well for 24 hours.

After 24 hours of cell seeding, the samples were rinsed in PBS by placing them on
a shaker for five minutes and were then fixed in paraformaldehyde for 45 mins. They
were then washed twice with PBS and the cells were permealized using a PBS + 0.1%
TritonX100 solution. Two washes with PBS + Tween were then carried out following a
3% BSA (Bovine Serum Albumin) in PBS + Tween to block unspecific binding sites.
Another two washes with PBS+Tween were carried out and the plate was covered in
aluminum foil to avoid photo bleaching. 0.5ml of Alexa 488 phalloidin was used (20
minutes on shaker) to stain for the actin cytoskeleton. After two washes with
PBS+Tween, 0.5 ml of DAPI stain was used (20 minutes on shaker) to stain the cell
nucleus. Finally, two washes with PBS+Tween were carried out and the samples were

mounted onto slides. All samples were left to dry overnight before imaging.

For reproducibility, the experiment was repeated three times with different
electrospun/crosslinked batches. A preliminary analysis was carried out by doing a cell
count on each sample after 24 hours of cell seeding. Five images were taken at 5 different
regions (field view of 0.595 mm2) of each sample (n=3) and the nuclei were counted
using Image J (Image processing and analysis in Java - National Institute of Health). This
was done to all three runs of each crosslinking condition, for the three different batches
(i.e. 45 regions counted per crosslinking condition); the magnification was kept constant

for all images.
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3.5  Characterization
3.5.1 Scanning electron microscopy (SEM)

A Leo 1530 Scanning Electron Microscope was used to acquire images of both
as-spun and crosslinked collagen nanofibers. The accelerating voltage used was 2 kV,
which was low enough to avoid the use of conductive coating material on the sample

surfaces.

3.5.2 Critical point drying

A critical point drier EMS-850 (Electron Microscopy Science) was used to dry
wet samples prior to acquiring SEM images. Samples were dehydrated three times in
isopropanol prior to critical point drying. The specimen chamber was filled with liquid
carbon dioxide and was then heated beyond the critical point of carbon dioxide at 35°C

and 8.6 MPa before depressurizing at a rate of 0.6 MPa/min.

3.5.3 Fourier-transform infrared spectroscopy (FTIR)

Infrared measurements were performed using a Bruker Vector 22 Fourier
Transform Infrared (FTIR) spectrometer with an ATR attachment (Pike Technologies
Inc., Madison, WI) and a diamond. The spectra were collected in absorption mode, using

64 scans, with a resolution of4 cm'lL

3.5.4 Fiber diameters

ImageJ was used to measure the fiber diameters. The scale bar (1 pm) on the

image was measured in pixels and the fiber diameters were also measured in pixels. The

] ] ) Diameterm
fiber diameters, in nanometers, were calculated as follows: -X O O O
Scale barpyds

Four SEM images were acquired for each electrospun sample and twenty-five
fibers were randomly picked from each image and measured. Thus, the total fiber

diameters measured were 100 for each sample.
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3.5.5 Fiber swelling

Two stages of fiber swelling occur during genipin crosslinking. The first stage is
the swelling that takes place during crosslinking, and the second stage is further swelling
that occurs upon exposure to growth media.

To measure the first stage of swelling (as-spun and after crosslinking): A 100
fiber diameters of as-spun fibers were measured (n=3). The average as-spun fiber
diameter was then calculated (Dasspun). The average fiber diameters of crosslinked

samples (100 fiber diameters) were also measured (DadSiinked), and the swelling was

~crosslinked ~as-spun

determined using the equation: x 100.

Aas-spun

To measure the second stage of swelling: Each crosslinked electrospun sample
was cut in half and one half was placed in anhydrous ethanol/isopropanol (depending on
the solvent used during crosslinking), while the other half was placed in DMEM for the
required period of time (2,5 and 7 days). Using two halves of the same sample eliminated
the effect of minor fiber diameter differences between different electrospun samples, thus
producing more accurate results. Also, samples that were in DMEM were rinsed for 2
minutes in distilled water before imaging, to remove any deposited salts on the fibers.
Average fiber diameters were then measured after DMEM exposure (Dfinai) and one-way
ANOVA using the Tukey test was used to compare the difference between the diameters
of crosslinked samples (Dcrossiinked) and after exposure to growth media for 2, 5 and 7 days
(Dfinai)- If there was a significant difference, the percent swelling was then calculated

USIng the equatlon final====~ crossimked X 100

~crosslinked

3.5.6 Degree of crosslinking

A ninhydrin solution was prepared according to Starcher et al. [106], however the
quantities used 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 SnCh to 1 ml of ethylene

glycol. The resulting solution was cloudy.
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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 until
the final reagent was pale red. A linear calibration curve was created using different

glycine concentrations (Refer to Appendix A).

Crosslinked samples were dried and weighed (Wsamie) before performing the
assay. 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. The crosslinked samples were removed and a Beckman DU
spectrophotometer was used to measure the optical absorbance of the solution 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 was used to determine the
concentration of free amino acids in solution. The mass of free amino acids (Wfreg) was
calculated by multiplying the concentration and the volume (3 ml). The ratio of amino

w
acids released from the collagen sample was calculated (. = ———) and the degree of

W sample

D

crosslinked

crosslinking for each combination was calculated as follows: 1- D

wv as-spun

3.5.7 Fiber stability

The effect of hydrolysis on the crosslinked samples was tested after 1, 3 and 7 days
in distilled water. Three samples (n=3) were used for each crosslinking condition (4
crosslinking conditions), at each time point (36 samples in total). All samples were dried
in a 37 °C incubator overnight. The dried samples were weighed using an analytical
balance. Crosslinked samples were then placed in cuvettes containing 1 ml distilled water
for 1, 3 and 7 days in an incubator at 37 °C. After each time point the crosslinked samples
were removed from the cuvettes and the solution was stored at 37 °C.

The main objective was to quantify the amount of free amino acids in the distilled

water, and calculate the percent weight lost for each sample. A ninhydrin solution
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(prepared as previously mentioned in section 3.5.6) was used to detect free amine groups
in the distilled water. 0.5 ml of ninhydrin solution was added to the 1 ml solvent in each
cuvette. The cuvettes were mixed thoroughly, and placed in an 80 °C water bath for 15
minutes. The solutions were then left to cool for 15 minutes before reading the UV
absorption at 570 nm. The absorbance was converted to concentration using the glycine
calibration curve. The weight of amino acids in solution was calculated by multiplying
the concentration by the volume (1.5 ml). Finally, the percent weight lost was calculated
by normalizing the weight of amino acids in solution by the dry weight of the samples,

multiplied by a 100.

3.5.8 Fluorescence Microscopy

The fluorescence microscope used was an Olympus 1X81. Two filter cubes were
used, one for DAPI and the other for ALEXA 488. Exposure time was kept minimal to

avoid oversaturation of the samples.

3.5.9 Statistical Analysis

All statistics were performed using OriginPro8 (OriginLab corporation). A one-
way ANOVA was used to compare the significance between different groups; unless

otherwise mentioned.
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4 Results and Discussion

Crosslinking is essential to stabilize electrospun collagen nanofibers in aqueous
environments and to enhance their mechanical properties. Using a chemical crosslinking
agent with minimum cytotoxicity is desirable and many research groups are probing for
alternatives to glutaraldehyde. Genipin has been proven to be ~10,000 times less
cytotoxic compared to glutaraldehyde and therefore was investigated as the crosslinking
agent in this research, since it is more cell-friendly. The main challenge in this project
was to maintain the nanofibrous morphology of the scaffold after crosslinking and also
after exposure to an aqueous environment. Losing the nanofibrous morphology after
crosslinking or after exposure to an aqueous environment (e.g. cell growth media) renders
electrospinning useless. In addition, the ability to control fiber swelling was investigated
by using different crosslinking conditions. Controlling the degree of fiber swelling is
essential if these fibers were to be used as carriers for drug delivery [107, 108]. Most
research groups do not report the fiber morphology in the form of high-resolution images
after crosslinking, and none show images after exposure to an aqueous environment. In
this research, the nanofibers morphology was studied after crosslinking and after
exposure to growth media for up to 7 days. In addition, the swelling and degradation were
measured for up to a week in growth media. Cell compatibility was also studied using

primary human fibroblasts.

4.1 Optimizing the electrospinning parameters

Different collagen sources, collagen concentrations, and solvent systems were
examined until optimum parameters, which resulted in good quality electrospun
nanofibers, were acquired. Calf skin collagen type | was the source of collagen used in
the literature, and thus was first studied (Table 2). The only solution parameter varied
was the collagen concentration. At each concentration, the process parameters (V, Q and
D) were varied to optimize fiber diameters and morphology. Initially, optical images
were used to examine headings in the fibers. At 1 and 2 wt% of collagen in HFIP,
dripping occurred at the tip of the needle and very few scattered fibers were formed. At 3
wt% (V = 22 KV, Q = 0.05 ml/hr, D = 12 cm), more fibers formed; however beads were

still present (Figure 7). Increasing the concentration to 4 wt% yielded smooth fibers with
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few beads, while further increasing the concentration to 5 wt% (V = 22 KV, Q = 0.2

ml/hr, D = 13 cm), fully eliminated the formation ofbeads (Figure 8A).

Rat tail collagen type | was later used instead of calf skin collagen, due to
problems with stability of calf skin collagen nanofibers in air. The optimal rat tail
collagen concentration was 5 wt% and the optimized electrospinning parameters were: V

=24-28 KV, Q =0.3-0.4 ml/hr and D = 13 cm (Figure 8B).

It is important to note that attempts were made to electrospin collagen from other
solvents such as acetic acid/water and ethyl acetate/acetic acid/water solutions [109].
However, in all cases electrospinning failed and electrospraying (i.e. formation of

droplets in the presence of an electric field) occurred instead.

Figure 7. Optical images of electrospun collagen nanofibers using 3 wt% collagen dissolved in HFIP
[A]; beads can be observed in more dense areas [B]



Figure 8. [A] SEM images of electrospun calf skin collagen nanofibers (5 wt% in HFIP) and [B]
electrospun rat tail collagen nanofibers (5 wt% in HFIP) - Histograms show the fiber diameter
distribution

35
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4.2 Morphology of the as-spun nanofibers

Electrospinning calf skin collagen resulted in fibers with an average diameter of
365 = 133 nm. The fibers formed a network rather than a true non-woven structure.
Overlapping and adjacent fibers fused together at intersecting junctions. This network
morphology was thought to be due to the ‘wetness’ of the fibers (i.e. presence of HFIP in
the fibers) when deposited on the collector. In an effort to overcome this problem, the tip
to collector distance was increased to 17 cm and air was blown from a nozzle adjacent to
the tip of the needle, to enhance solvent evaporation. However, the fiber morphology was
unchanged (Figure 9). Also, storing the fibers in the refrigerator (4 °C) in order to
preserve their structure prior to imaging caused the fibers to lose their morphology and
appear ‘annealed’ (Figure 10A). The effect of lower temperatures (0°C and -10°C) was
also studied by placing the samples in sealed cuvettes, in a water bath overnight, and the

fibers also lost their morphology (Figures 10B and 10C).

Rat tail collagen, on the other hand, yielded smooth fibers with an average fiber
diameter of 171 £ 34 nm (approximately half the average fiber diameter of calf skin) and
the fiber diameters were more consistent compared to calf skin. The fibers were non-
woven and no fusing of the fibers took place. Also, there was no change in the
morphology after placing samples at low temperatures (4°C to -10°C) overnight (Figure
10D).

There are two possibilities that can explain the calf skin collagen’s behavior as
compared to the rat tail collagen. First, the purity of the calf skin collagen purchased from
Sigma Aldrich could have been of a lower grade compared to rat tail collagen (i.e. calf
skin collagen contained other molecules such as glucosaminoglycans or polysaccharides,
while rat tail contained less or none), or secondly, there was a difference in the native
degree of crosslinking or amino acid composition between the two. Although there is no
exact comparison between calf skin and rat tail collagens in the literature, there has been
a study on the different physical/chemical properties of collagen type I from various
species (Bird feet (BF), bovine skin (BS), frog skin (FS), porcine skin (PS) and shark skin

(SS)) [110]. For example, the thermal stability of all collagens was measured using
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differential scanning calorimetry, and the collagen with highest thermal transition

temperatures was found to be BF, while the least was SS.

As-spun collagen nanofibers from both sources (calf skin and rat tail) lost their
nanofibrous morphology in water or growth media, since the fibers underwent a high
degree of swelling and disintegrated to form a film-like structure (Figure 11). Therefore,
crosslinking was essential in controlling the fiber swelling and maintaining the
nanofibrous structure in aqueous environments. For all the subsequent experiments, rat

tail collagen was used.

Figure 9. SEM image of electrospun calf skin collagen nanofibers after increasing tip to collector
distance to 17 cm and blowing air at the needle tip to try to evaporate the solvent before depositing
on collector
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Figure 10. SEM image of electrospun calf skin collagen nanofibers after placing at [A] 4 °C, [Bj 0 °C,
[C] -10 °C overnight, and rat tail collagen nanofibers [DJ at -10 °C overnight

Figure 11. SEM images of [A] rat tail collagen and [B] calf skin collagen after exposure to water for 5
minutes

4.3 Aligning collagen nanofibers

Collagen nanofibers were aligned using two different collector designs: (1) the
‘two-electrodes’ method, which was introduced by Li et al. [22], and (2) a home-built
rotating mandrel. The ‘two-electrodes’ method with a gap of 1.5 cm produced a higher
fiber alignment compared to the rotating mandrel (Figures 12 and 13). However,
obtaining a thick mat of aligned fibers was not possible using the two-electrodes method
and a rotating mandrel had to be used instead. The degree of alignment using a rotating
mandrel was poor at low rotation speeds (4.4 - 13.6 m/s), but was improved by

increasing the speed up to 17 m/s.
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Controlling fiber alignment is important in designing scaffolds for various tissue
engineering applications such as: nerve regeneration and re-creating anisotropic 3D
structures similar to heart valves and arteries. Fiber alignment was reported to cause
cellular alignment [111-114], In addition, aligned fibers induced a change in gene

expressions as compared to randomly oriented fibers [111].

Figure 12. [A] An optical image of the fibers aligning between the two electrodes. [B] SEM image of
aligned collagen nanofibers

Figure 13. SEMs of collagen nanofibers collected on a rotating mandrel at speeds: [A| 4.4 m/s, [B]
10.27 m/s and [C] 17 m/s (arrow indicates direction of alignment)
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4.4 Morphology of crosslinked collagen nanofibers
4.4.1 Fibers crosslinked prior to electrospinning

In this approach, genipin was mixed with the collagen and HFIP solution for a
specific period of time, and then electrospun. The experimental parameters investigated
in this approach were: collagen concentration, genipin concentration, percent water
added, percent ethanol added, and mixing time. However, none of the parameter
combinations were successful in maintaining the nanofibrous morphology in aqueous
environments. In this section, the results obtained using 3.75 wt% collagen in HFIP with
0.015M genipin and 20 v/v% of ethanol after mixing for 5 hours are presented. The
solution turned pale green after mixing for 5 hours and fibers were successfully
electrospun. The average fiber diameter was 287 £+ 59 nm (~69% greater than the average
diameter of as-spun collagen nanofibers). However, fibers lost their morphology after

exposure to water for 5 minutes (Figure 14).

Figure 14. [A] SEM images of electrospun collagen + genipin nanofibers (3.75 wt% collagen +
0.015M genipin, mixed for 5 hours) and [B] after placing in water for 5 minutes

4.4.2 Fibers crosslinked post electrospinning

In this approach the fibers were crosslinked post electrospinning. Since water
caused significant fiber swelling, alternative solvents, that maintained the fiber
morphology during crosslinking, were required. Isopropanol and ethanol were shown to
maintain the fiber morphology, and thus were used as crosslinking solvents. However, a
range of genipin concentrations (0.03 - 0.1 M) in absolute ethanol or isopropanol failed
to maintain the morphology and overall architecture of the fibers after exposure to water,

even after crosslinking for 5 days (Figure 15). It is interesting to note that absolute
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isopropanol better maintained the fiber morphology compared to ethanol, and this could

be attributed to the higher hydrophobicity of isopropanol as compared to ethanol.

However, with the addition of water it was observed that there were certain alcohol/water
concentration combinations that maintained the fiber morphologies. As a result, a
systematic study was carried out to determine the effect of changing crosslinking solution

composition on collagen fiber stability in an aqueous environment.

Figure 15. SEM images of collagen nanofibers crosslinkcd for 5 days in [A] absolute ethanol and [B]
absolute isopropanol using a genipin concentration of 0.03M, and after exposure to water for 5
minutes
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4.4.2.1 Optimizing crosslinking conditions

In order to determine the optimal conditions for crosslinking, three experimental
parameters were studied: crosslinking solvent (ethanol vs. isopropanol), water content
added (0, 1, 3 and 5 v/v %) and crosslinking time (1, 3 and 5 days). The optimal
combinations were selected depending on the stability of the fibers after exposure to both
water and Dulbecco’s Modified Eagle’s Media (DMEM). Table 3 shows the four
combinations that resulted in stable fibers morphology in water for up to 5 minutes. Table

4 lists the four crosslinking combinations with an assigned number to each combination.

After crosslinking, a colour change took place in all crosslinked samples (Figure
16). As-spun samples were white prior to crosslinking. However, upon crosslinking using
conditions 1 and 3, the samples turned deep blue, while conditions 2 and 4 yielded
samples with a green colour. During crosslinking, all samples were exposed to air, thus
the colour difference can be attributed to the water content and alcohol system. Samples 2
and 3 were both crosslinked in ethanol for 5 days, with the only difference being the
water content, 3 v/v% for the former and 5 v/v% for the latter. In the literature, it was
observed that the use of water, as the crosslinking solvent, accelerated the blue color
formation, in a chitosan-genipin system, as compared to deuterium oxide [88]. Since the
genipin reacts with primary amine groups, the water catalysis can also be assumed for
collagen-genipin systems. Therefore, it can be concluded that crosslinking condition 3
yielded a deep blue colour faster, since more water was available as compared to
condition 2. However, condition 4 contained the same amount of water (5 v/v%) as
condition 3 and the same reaction time (5 days), but a green colour was produced. This
suggested that isopropanol slowed down the action of water since it is more hydrophobic
as compared to ethanol. It is also important to mention that samples crosslinked using

conditions 2 and 4 eventually turned deep blue upon exposure to water or growth media.

Although there have been several studies on the mechanisms of the crosslinking
reaction, its relationship to the blue color formation is still controversial. Butler et al.
proposed the two reactions that take place during crosslinking, and does not consider the
genipin polymerization reactions, thus, attributes the blue colour formation to ‘other

complex reactions’ [88]. Mi et al. however, demonstrated the ability of genipin to self

polymerize after a nucleophilic attack, to form dimmers, trimers and tetramers [89]. The
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proposed explanation of colour change as it relates to degree of crosslinking will be
further explained in section 4.4.2.3.
Table 3. The four crosslinking combinations that yielded intact fibers with minimal swelling alter

exposure to water for 5 minutes (/ - maintained nanofibrous morphology, X- lost nanoflbrous
morphology due to excessive swelling)

Ethanol Isopropanol

Water content (v/v %) Water content (v/v %)
Crosslinking time (days) « 1 3 5 0 1 3 5
1 X X X X X X X X
3 X X X y X X X X
5 X X Y X X X

Table 4. The four crosslinking conditions studied

Crosslinking Solvent W ater content Crosslinking time
condition (vIiv%) (days)
1 Ethanol 5 3
2 Ethanol 3 5
3 Ethanol 5 5
4 Isopropanol 5 5
1B]

S S|

Figure 16. |JA] As-spun, un-crosslinked, collagen sample and [B| samples crosslinking using the four
conditions

H
N
w
N



44

4.4.2.2 Fiber swelling

Two stages of swelling were studied: swelling that occurred due to crosslinking
and swelling that took place after exposing the fibers to DMEM. The first stage of
swelling could be observed by comparing the as-spun fibers (Figure 8B) and the
crosslinked fibers (Figure 17, first column of SEM images). Samples crosslinked using
conditions 1 and 3 had the highest degree of swelling after crosslinking (196+8 % and
180+7 % respectively), while conditions 2 and 4 had the least swelling (55+5 % and 56+4
% respectively). The effect of water content on the crosslinked fiber morphology is
evident. Fibers crosslinked using conditions 1 and 3 (crosslinking solutions containing 5
v/v% water) had higher fiber swelling after crosslinking compared to condition 2
(crosslinking solution containing 3 v/v% water). Condition 4 (crosslinking solution
containing 5 v/v% water) yielded lower swelling compared to condition 3, due to higher
hydrophobicity of isopropanol compared to ethanol (Figure 18). Also, increasing the time
of crosslinking (condition 1 vs. 3) did not cause any significant change in fiber diameters
after crosslinking (P > 0.05). This illustrates that the water content has a more significant

effect on fiber morphology compared to crosslinking time.

Fibers crosslinked using condition 1 did not undergo any significant swelling for
up to 7 days in DMEM (Figure 19). Fibers crosslinked using condition 2 underwent 18 +
3% swelling after 2 days in DMEM, which increased to 24 + 3% after 5 days and did not
undergo any further increase after 7 days. Conditions 3 and 4 yielded fibers that
continued to swell for up to 7 days. Fibers crosslinked using condition 3 swelled 5 +
3%,10 £ 3% and 23 + 4% after 2, 5 and 7 days, while for condition 4, the fibers swelled
37 + 3%, 54 + 4%, 59 + 4% respectively (Figure 19). The increase in swelling with time
(condition 3 vs. 1) can be attributed to the oligomerisation of genipin with time, thus
increasing porosity of the fibers and allowing more swelling to take place [89, 115].
Crosslinking condition 4 yielded fibers with the highest degree of swelling after exposure
to DMEM, and this could be attributed to the hydrophobic effect of isopropanol

(compared to ethanol), which slowed down the rate of reaction between the genipin

molecules and primary amine groups (Refer to section 4.6). These results illustrate the
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control of degrees of swelling, in DMEM, that are achievable by a judicious choice of

crosslinking condition.

This ability to control swelling of the collagen nanofibers has important
implications in tissue engineering. The degree and rate of swelling of these fibers are
associated with their strength and rate of degradation. In a tissue engineering
environment, the decrease in strength and the rate of degradation of the collagen scaffold
has to be designed such that they are comparable to or smaller than the rate of deposition
and organization of the extracellular matrix being deposited by the cells, to ensure
geometric and structural integrity. Since the rate of extracellular matrix production and
organization is cell-type dependent, it is important that the rate of degradation of the

scaffold material be properly designed. It is now possible for such control on collagen

nanofibrous scaffolds by controlling the genipin crosslinking conditions.
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Crosslinking  Crosslinked In DMEM for 2 In DMEM for 7
condition days

Figure 17. SEM images of the collagen nanofibers after crosslinking, using the 4 conditions, and after
placing in DMEM for 2 and 7 days at 37 °C (all the above samples were dried using critical point
drying, prior to imaging, to prevent surface tension from altering the 3D structure)
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Figure 18. The average fiber diameters with error bars of as-spun fibers, crosslinked, and immersed
in DMEM for 7 days for the 4 crosslinking conditions (n = 100)
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Crosslinking conditions

Figure 19. Percent fiber swelling with standard error bars of the samples crosslinked using
the four conditions after exposure to DMEM for 2, 5 and 7 days (n = 100)
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4.4.2.3 Degree of crosslinking

The ninhydrin assay has been utilized by various groups to quantify the degree of
crosslinking of tissue [79, 106, 116]. However, the assay does not provide any
information on the density or nature of crosslinking. Two genipin molecules that react
with only one primary amine group each, but do not crosslink with another, will give the
same result as a genipin molecule crosslinking two primary amine groups [117].
However, if we assume that most of the reactions result in crosslinking, as have shown
previously [79, 106, 116], this assay provides a good indication of the degree of

crosslinking of electrospun collagen nanofibers.

It can be seen that all crosslinking conditions are effective to varying degrees
(Figure 20). Samples crosslinked using condition 3 had less free primary amine groups
compared to condition 1 (i.e. higher degree of crosslinking). Condition 2 yielded the
highest degree of crosslinking. It is hypothesized that due to the lower water content used
in condition 2 (3 v/v%) compared to conditions 1 and 3 (5 v/v %), less fiber swelling took
place during crosslinking and thus most of the crosslinking took place on the surface of
the fibers. This increased crosslinking density at the surface, hindered the exposure of
free amine groups in the core of the fibers to the ninhydrin molecules, and thus resulted
in an assay that gives higher degree of crosslinking. This collaborates well with the lower
degree of fiber swelling using condition 2, post exposure to DMEM, due to the inability
of water to infiltrate into the fibers. Crosslinking condition 4 was comparable to condition
3, although the differences in the nature of crosslinking cannot be determined by the
ninhydrin assay. GA-crosslinked samples yielded a high degree of crosslinking within 1
day, which illustrates that the GA crosslinking reaction is faster than its genipin

counterpart

It can also be observed that sample colour is independent of the degree of
crosslinking. Both condition 1 and 3 yielded deep blue samples, and yet the degrees of
crosslinking are significantly different. Also conditions 2 and 3 were crosslinked for five
days, having comparable degrees of crosslinking and yet they differ in their colour.
Therefore, it can be interpreted that water content and oxygen were responsible for the
colour change. An attempt to understand the colour change can be made using the

crosslinking reactions found in the literature. From section 4.4.2.1, it was shown that
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water is essential in accelerating the blue colour formation and also water is needed to
catalyze the nucleophilic substitution that takes place at the ester group on the genipin
molecule [88, 89], In addition, the polymerization of genipin requires an initial
nucleophilic attack on the genipin molecule [89], Therefore, it is suggested that increased
water content resulted in an increase in the self polymerization of genipin and the
aggregation of aromatic groups with conjugated double bonds gave the samples the deep
blue colour. Oligomer link molecules derived from the self-polymerization of genipin can
be involved in the collagen crosslinking reaction along with or instead of single molecule
genipin crosslinking (Figure 21). This reduction can be observed by comparing samples

crosslinked using conditions 2 and 3.

Figure 20. Degree of crosslinking using the 4 conditions and 25% Glutaraldehyde vapor was included
for comparison (n=3)
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Figure 21. A schematic illustrating the different genipin-collagen crosslinking methods
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4.5 Fiber stability

The stability of the crosslinked fibers was tested in distilled water for up to 7
days. A ninhydrin assay was used to determine the amount of free amine groups released
in solution. Qualitatively, there were no apparent changes in colour, after the ninhydrin
reaction, for all samples. Figure 22 shows the percent weight loss as determined by the
ninhydrin assay, in distilled water for all four crosslinking conditions, after 1,3 and 7
days. For all samples, the maximum percent weight loss was 0.3 + 0.16 % for
crosslinking condition 4, after 7 days in distilled water. Crosslinking conditions 1 and 2
had weights loss below 0.1 % after 7 days, while crosslinking condition 3 had a
maximum of 0.16 + 0.02 % after 7 days. These results indicate that the fibers are very
stable in distilled water for up to 7 days. These results also correspond well with the
swelling data, with crosslinking condition 4 having the most swelling after 7 days and
also the highest percent weight lost after 7 days. Also, crosslinking condition 1, which
gave the least swelling, also had the least percent weight loss after 7 days, as compared to
condition 3. This supports the hypothesis that condition 3 yielded more porous fibers due

to the oligomerisation of genipin, and thus the more amine groups dissolving in water.

1 2 3 4

Crosslinking conditions

Figure 22. Percent weight loss and standard errors of crosslinked samples, calculated using the
ninhydrin assay, after placing in distilled water for 1,3 and 7 days (n=3)
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4.6 Characterization using Fourier Transform Infrared Spectroscopy (FTIR)
analysis

FTIR spectra of as-purchased rat tail collagen and the as-spun are shown in Figure
23. It can be shown from the FTIR spectra that all the functional groups are retained after
electrospinning, and no traces of HFIP were found. The spectra of the as-purchased and
as-spun samples are similar to collagen type | FTIR spectra found in the literature [118,
119]. Absorptions at 1030 and 1082 cm'lare attributed to C-0 stretching of alcohol
groups, which are present mainly in hydroxyprolines. Absorptions bands at 1201, 1220,
1232, 1282, 1348, 1378 and 1454 cm'l are attributed to the C-H wagging and C-N
stretching of collagen. Finally, the absorptions at 1635 and 1554 cm' are attributed to the
Amide | (C=0 stretching) and Amide Il (N-H bending) respectively. The broad

absorption at 3310 is attributed to the O-H stretching in carboxylic acids [120].

Figure 23. FTIR spectra of as-purchased rat tail collagen from Sigma Aldrich and after
electrospinning
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The FTIR spectrum of genipin is presented in Figure 24 and it was similar to that
found in the literature [89, 121]. Absorptions at 988 and 1084 cm’ are attributed to the
ring C-H out-of-plane bending and ring C-H in-plane bending respectively. The
absorption at 1084 c¢m’ may also include the C-O stretch of the primary alcohol.
Absorptions at 1299 and 1440 cm’ are attributed to the C-O-C asymmetric stretch and the
CHj; bend of the methyl ester respectively [121]. The absorptions at 1617 and 1680 cm’
are attributed to the ring C=C stretch and C=0 from the ester group.
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Figure 24. FTIR spectrum of genipin powder

Figure 25 shows the FTIR spectra of the as-spun collagen nanofibers as well as the
fibers crosslinked using the four conditions. An expanded view of 1000 — 1600 cm’' is
shown in Figure 26. The reaction between primary amine groups, found in the as-spun
collagen fibers, and genipin is evident from the disappearance of a peak (1133 cm™) from
the as-spun collagen spectrum upon crosslinking. A weak peak at the absorption 1133
cm” is attributed to the C-N stretching vibration of a primary aliphatic amine with the

structure (-CH-NH,), which is available in lysine and arginine. This peak disappears in all

the crosslinked samples.
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As previously mentioned, a tertiary amine group is formed after the genipin
reaction with primary amine groups and has a strong stretching vibration in the range
1380 - 1330 cm"1[120]. However, no strong peaks were observed in that range in any of
the genipin-crosslinked samples. Mi et al. demonstrated that the C-N stretching of the
aromatic tertiary amine group was visible in the range 1300 - 1500 cm 1for a chitosan-
genipin system [89]. Therefore, it can be concluded that this peak is masked by collagen
peaks in the same range. A secondary amide is also a characteristic of the collagen-
genipin reaction and has a C=0 stretching vibration in the range 1680-1630 cm" .
However, since collagen's amide 1 and 11 peaks are in that range, it is not possible to

quantify the increase in secondary amide groups after genipin crosslinking.

Figure 25. FTIR spectra of collagen nanofibers crosslinked using the four conditions and the as-spun
fibers
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Figure 26. The C-N stretching vibration of a primary aliphatic amine with the structure (-C H-NH2)
shown at the absorption 1133 cm 1

Crosslinking condition 4 yielded a different FTIR spectrum compared to the other
three conditions. Figure 27 shows similar peaks between the genipin powder spectrum
(Figure 24) and condition 4 samples, which used isopropanol as the crosslinking medium
instead of ethanol. The following are the similar peaks between genipin and samples
crosslinked using condition 4: 1105, 1147, 1200, 1298 and 1445 cm '. The appearance ot
those peaks confirms the availability of genipin molecules that are not fully reacted.
Interestingly, it can be observed that the two peaks, 1298 and 1445 cm 1, that represent
the C-O-C asymmetric stretch and the CFf bend of the methyl ester respectively, are
present in collagen samples crosslinked using condition 4. Therefore, it can be interpreted
that the second crosslinking reaction (Figure 5) which takes place at the ester group is
slowed down by isopropanol (i.e. isopropanol is slowing down the nucleophilic
substitution that involves the replacement of the ester group on genipin by a secondary

amide linkage).
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4.7 Cellular attachment and morphology

Fibroblasts adhered to both the 2D collagen gel (uncrosslinked as-spun fibers
exposed to growth media) and the 3D genipin-crosslinked collagen nanofibers. However,
the difference in cellular morphology was evident from the fluorescence microscopy
images shown in Figure 28. On the collagen gel the fibroblasts were spread out, had
aggregated stress fibers, and had few extensions. Depending on whether the substrate is
free floating or anchored to the cover slip, fibroblasts on the crosslinked samples acquired
two different morphologies: a bipolar morphology or a neuron-like morphology with

dendritic extensions.

Fibroblasts on the 2D collagen gels had similar morphology to those reported in
the literature. Since the gels were fixed to the cover slip, the cells experienced isometric
tension (internal and external mechanical forces balance such that cell contraction occurs
without change in length [98]) and produced actin-aggregated fibers and were flattened
(Figure 28A). Fibroblasts on 3D crosslinked collagen nanofibers, however, acquired a
bipolar/stellate morphology when the samples were fixed to the cover slip (stressed), and
acquired a dendrite-like structure when the samples were floating (unstressed). Figure
29A shows the dendritic morphology acquired by the fibroblasts when cultured on a
floating sample crosslinked using condition 1, while Figure 29B shows the more spread,
stellate morphology acquired by fibroblasts cultured on an anchored sample also
crosslinked using condition 1. The dendritic morphology can be observed in samples
crosslinked using condition 3, while more stellate morphologies can be observed in
samples crosslinked using condition 2 (Figure 28C). Anchored samples crosslinked using
condition 4 stimulated the fibroblasts to acquire a bipolar morphology (Figure 28E). It is
important to mention, however, that most crosslinked samples did not fully adhere to the
cover slip, since they were not fully dried on the cover slips, to avoid losing the 3D

morphology due to surface tension effects caused by water evaporation.
Figure 30 shows the cell count on the collagen gels and all the genipin-crosslinked

samples. Statistically there was no significant difference between the cell counts on the

gels and on the crosslinked samples (P> 0.05). However, there was a significant

difference between the samples crosslinked using condition 2, compared to conditions 3
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and 4 (P<0.05). This difference in cell count amongst samples crosslinked using different

conditions can give a preliminary insight into the conditions that are more cell-friendly.

Overall, it can be concluded from the cell-attachment studies and the cell counts
between crosslinked samples and collagen gels, that the genipin-crosslinked collagen
nanofibers support fibroblast attachment in the tested time period (24 hours). Also, the
effect of stressed and unstressed substrates on the fibroblast morphology was in

agreement with the literature.
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Figure 28. Fluorescence images of primary human fibroblasts cultured on a collagen gel (2D) and
genipin-crosslinked collagen nanofibers (3D) using the four conditions (Fibroblasts were cultured on

all samples for 24 hours prior to fixation and imaging)
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Figure 29. Fluoresence images of primary human fibroblasts cultured on |A| floating and |B|
anchored samples crosslinked using condition 1




60

Cell count

Collagen gel and the four crosslinking conditions

Figure 30. Cell counts carried out, after 24 hours of cell-seeding, on un-crosslinked collagen gels, and
samples crosslinked using the 4 conditions (n=45)
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5 Conclusion

As-spun collagen nanofibers swell significantly in aqueous environments and lose
their nanofibrous morphology. Therefore, crosslinking is essential to preserve the
nanofibrous morphology in aqueous environments and control their mechanical and
swelling properties. Glutaraldehyde vapor has been used extensively, by most research
groups, to crosslink collagen nanofibers. However, glutaraldehyde has been proven
cytotoxic to cells and cause significant swelling in the collagen nanofibers after fixation.
Therefore, there has been a need for an alternative chemical crosslinking method that
yields stable fibers with low cytotoxicity, especially for tissue engineering applications.
In this research, a novel chemical crosslinking method, using genipin, was introduced to
stabilize electrospun collagen nanofibers. Genipin is a natural crosslinking agent which

has been proven to be significantly less cytotoxic compared to glutaraldehyde.

Collagen nanofibers, with average fiber diameters of 171 = 34 nm, have been
successfully electrospun from rat tail collagen type 1. Aligning the fibers was achieved
using the ‘two-electrodes’ method as well as a rotating mandrel. Electrospun collagen
nanofibers were successfully crosslinked using genipin. Crosslinking parameters that
were investigated included: solvent (ethanol vs. isopropanol), water content (3% vs. 5%)
and crosslinking duration (3 vs. 5 days). Four crosslinking conditions were developed
based on the ability to stabilize the collagen nanofibers and allow for swelling control.
The four crosslinking conditions were as follows: (1) ethanol, S % water and 3 days, (2)
ethanol, 3% water and 5 days, (3) ethanol, 5% water and 5 days, and (4) isopropanol, 5%

water and 5 days.

Two stages of swelling were studied: after crosslinking, and after exposure to
growth media for 2, 5 and 7 days. It was observed that fibers crosslinked using conditions
1 and 3 had the most swelling after crosslinking (196+8 % and 180+7 %, respectively), as
compared to conditions 2 and 4 (555 % and 56+4 %, respectively). This swelling was
attributed to the higher water content used in conditions 1 and 3 (5 v/v %) as compared to
condition 2 (3 v/v %). Morevoer, the higher hydrophobicity of isopropanol (used in

condition 4) was responsible for the less fiber swelling compared to ethanol (used in

condition 3).
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In the second stage of swelling, condition 1 yielded no further swelling for up to 7
days in growth media, while condition 3 swelled for an additional 23% after 7 days in
DMEM. The difference in swelling between conditions 1 and 3, was attributed to the
increased formation of genipin oligomers with time; this oligomerisation lead to higher
fiber porosity, and thus more swelling. After 7 days in growth media, condition 2
underwent a further 24% swelling, while condition 4, of all the conditions, underwent the
highest degree of swelling (59%). The high degree of swelling, using condition 4, was
attributed to the higher hydrophobicity of isopropanol, as compared to ethanol, which

inhibited the completion of the crosslinking reaction of genipin molecules.

The ninhydrin assay was used to quantify the percentage of primary amine groups
that reacted with genipin. Therefore, the assay was used as a method of quantifying the
degree of crosslinking. However, the assay does not give information on the nature or
density of crosslinking. Results showed that crosslinking condition 1 yielded the least
degree of crosslinking as compared to the other conditions. Also, glutaraldehyde-
crosslinked samples were tested, and the degree of crosslinking was comparable to all
genipin-crosslinked samples, except condition 1. It was also observed that glutaraldehyde
is a faster crosslinking method, since 24 hours of glutaraldehyde crosslinking was

equivalent to 5 days of genipin crosslinking.

The effect of hydrolysis on the crosslinked nanofibers was tested using the
ninhydrin assay to detect free amine groups that dissolved in water over the durations of
1, 3 and 7 days. It was observed that the amount of free amine groups detected in the
water after 7 days was negligible for all 4 crosslinking conditions. Of all crosslinking

conditions, condition 4 yielded the highest percent weight dissolved (0.3 + 0.16 %).

Fourier-Transform Infrared spectroscopy was used to compare the chemical
structures of as-spun collagen and genipin-crosslinked samples. All genipin-crosslinked
samples shared the same infrared absorptions as the as-spun samples, except for a peak at
1133 cm’’ (attributed to a C-N stretching vibration of an aliphatic primary amine group)
which disappeared after crosslinking. The resulting absence of this peak confirmed the

reaction of primary amine groups with genipin molecules. Moreover, the FTIR of

collagen samples crosslinked using condition 4, showed 4 peaks that were common to
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absorption peaks of genipin powder (1105, 1147, 1200 and 1298 cm™). These shared

absorption peaks confirmed the availability of non-fully reacted genipin molecules.

Cell-compatibility was tested by seeding the crosslinked samples with primary
human fibroblasts that were acquired from the palmar fascia of the hand. Fluorescence
microscopy images showed the attachment of cells to collagen gels (uncrosslinked, as-
spun collagen fibers exposed to growth media), as well as to collagen nanofibers
crosslinked using the 4 conditions. Samples that were not anchored to the cover slip
resulted in cells that had dendritic-like extensions, while samples that were anchored

resulted in cells with bipolar morphologies. These observations were consistent with the

literature.
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6 Future work

Research presented in this thesis lays the groundwork for a wide range of
possibilities in the fields of skin, bone, cardiovascular, and neurological tissue
engineering. Therefore, much work remains to be done in characterizing the chemical
structures of the fibers as well as their mechanical properties. Moreover, extensive cell

studies are required to examine cellular proliferation, differentiation and migration.

In terms of characterization, one of the most important experiments would be to
measure the stiffness of individual crosslinked fibers using atomic force microscopy.
Also, more studies are required to examine the chemical composition of these fibers
using Raman spectroscopy and solid C'>-NMR. The degrees of crosslinking have to also
be characterized using Differential Scanning Calorimetry (DSC), to better understand the
crosslinking mechanism. Degradation of the fibers should be studied in more body-like
conditions using the enzyme collagenase, in order to better predict the degree of

degradation in the body.

Cell proliferation on these crosslinked fibers needs to be quantified if they were to
be used in a tissue engineering application. However, a mechanism to fix the crosslinked
samples to the cover slips is essential to allow cellular proliferation. In addition, the
cellular differentiation could be controlled by chemically attaching growth factors to the

nanofibers. Furthermore, different cell types, such as myofibroblasts and osteoblasts,

could also be seeded and studied on the genipin-crosslinked collagen nanofibers.
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Appendix A — Calibration curve for the ninhydrin assay

Glycine was chosen to calibrate the ninhydrin assay, as mentioned in the literature
[79, 80, 104]. 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). This yielded 5 vials with the concentrations listed in
Table Al. 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). At a concentration of 0.13 mg/ml, the absorbance was 3.109,

which means the assay is not viable above a glycine concentration of 0.13 mg/ml.

Table A 1. Raw data for the ninhydrin calibration curve

Glycine concentration (mg/ml) Absorbance at 570 nm
0.0650 3.108
0.0325 2.2420
0.0163 1.0150
0.0081 0.5700
0.0040 0.2390

0.0000 0.0000
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Catibration curve for ninhydrin assay
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Figure A 1.Calibration curve for the ninhydrin assay using different glycine concentrations
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Appendix B - Histograms for the genipin-crosslinked samples and after
exposure to DMEM for 2 and 7 days

Crosslinking Crosslinked In DMEM for 2days  In DMEM for 7 days
condition
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