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Abstract 

The focus of this thesis was to design a scaffold for in vitro culture that would mimic the 

structure of the native ligament in order to influence primary ligament cells towards the 

production of ligament-specific tissue.  A major part of this project was material selection 

and subsequent testing to determine if the chosen materials were suitable for the scaffold 

design.  A 20:80 (CL:DLLA) poly(ε-caprolactone-co-D,L-lactide) copolymer 

(PCLDLLA) was synthesized and electrospun with sub-cellular fibre diameters.  The 

fibres were manufactured into aligned arrays to mimic the collagen fibrils of the 

ligament.  To enhance cell and protein adhesion properties, the PCLDLLA polymer 

surface was modified using a base catalyzed etching technique.  A photocrosslinked 

methacrylated glycol chitosan (M-GC) hydrogel was used to deliver encapsulated 

ligament cells to the biomimetic scaffold and mimic the hydrated proteoglycan matrix 

portion of the ligament.  The scaffolds were cultured in vitro for a 4 week period and 

characterized using immunohistochemistry to identify and localize ligament specific 

proteins produced within the scaffolds.  Cell culture results indicated that the M-GC 

hydrogel was an effective method of delivering viable cells evenly throughout the 

biomimetic scaffold.  Compared to the unmodified PCLDLLA surfaces, the base-etched 

electrospun PCLDLLA fibre surfaces increased cell adhesion and acted as new tissue 

growth guides in the biomimetic scaffold.  The biomimetic scaffolds produced and 

accumulated ligament specific proteins: collagens type I and III.  The biomimetic scaffold 

design was determined to be a viable alternative to the current designs of ligament tissue 

engineering scaffolds. 
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Chapter 1. Introduction 

1.1 Ligament Structure and Function 

Ligaments play a crucial role in the biomechanics and stability of joints.  The ligament 

has a proposed hierarchal structure (Figure 1), with a fibrous collagen molecule being the 

main structural unit.  On a dry mass basis, 80±10% of the extra-cellular matrix (ECM) of 

the ligament is made up of collagen, the majority being collagen type I (88±2%) and the 

remainder composed of collagen type III (12±2%)1.  The remainder of the ligament ECM 

consists of proteoglycan (PG) and glycosaminoglycan (GAG) molecules.   

 

The collagen molecule is the largest molecule in the body with a rod like appearance and 

is approximately 300 nm in length and 1.5 nm in diameter1.  The collagen molecule is 

made from the tight winding of three collagen α-chains into a triple helix.  Assembly of 

collagen into a three dimensional array in the ECM is influenced by environmental 

stresses and additional biological factors.  The sum of these factors affects the orientation 

and size of the fibrils that are assembled from the collagen molecules2,3.    

 

 

Figure 1:  Hierarchical structure of the ligament 
Image modified from Kastelic et al. 4 
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Assembly is typically patterned in a quarter stagger, which is seen as the characteristic 64 

nm sub-bonding on transmission electron micrographs (Figure 2).  Covalent intra- and 

inter-collagen molecular crosslinks, mainly from peptide bound lysine and hydroxylysine 

groups, give the fibrils additional stability.  The crosslinks form between lysyl oxidase 

generated aldehyde groups (aldol condensation) or the enzyme derived aldehyde group 

and the unmodified amino group (Schiff-base reaction)1.  

 

 

Figure 2:  Organization and structure of collagen molecule 
Image taken from Sellaro5 

 

 

The collagen fibrils impart a structural characteristic in the ligament known as crimp.   

The crimp pattern is a regular sinusoidal pattern parallel with the long axis of the 

ligament, which can be seen in Figure 3.  The periodicity and amplitude of the crimp 

appears to be a structure specific feature for different ligaments and tendons.  Ligaments 

generally range from 45-60 µm for the crimp wavelength and 5-10 µm for the crimp 

amplitude1.  This crimp gives the ligament a nonlinear stress strain relationship that 

allows longitudinal elongation of the ligament without damage to the collagen fibrils.  
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The crimp feature also acts as a mechanism for the control of tension and acts as a shock 

absorber along the length of the tissue.  The typical stress-strain curve for the ligament 

shows a toe region where individual crimped fibrils start to straighten.  Once the majority 

of fibrils have uncrimped, a linear region is observed until the failure region (Figure 4). 

 

 

Figure 3:  Ligament crimp pattern 
Intra-synovial ligament stained with Picrosirius Red to show characteristic crimp pattern of the 
ligament 

 

 

Figure 4:  Theoretical stress strain curve of the ligament  
Chart showing the characteristic toe region (fibrils starting to uncrimp) and linear region (all fibrils 
uncrimped) of the ligament.  Modified diagram from Hirokawa6 
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The main PG present in the other matrix molecules of the ligament is decorin (80%) with 

chondroitin, keratan and dermatan sulfate GAG chains7.  Decorin has been shown to play 

a role in the structural organization of the ligament during development and tissue 

maintenance3,8.  The other 20% of the PGs are composed of a large chondroitin sulphate 

PG that may be a versican-like PG9.  Aside from the main ligament components some 

other minor components that are characteristic to the ligament ECM are; tenacin-C, 

biglycan, versican and aggrecan10.  Water, which makes up 60-80 % of total wet weight 

of the ligament, is entrapped within the ligament between these large highly charged PG 

molecules1.  The water and PGs provide the lubrication and spacing that is crucial to the 

gliding function at the fibril interception points in the ligament tissue matrices.  The other 

matrix molecules also confer some viscoelastic properties to the ligament11,12. 

 

Located within the ligament are fibroblast cells which are responsible for the 

maintenance of the ligament ECM13.  They are round to ovoid in shape, 5-8 µm in 

diameter and 12-15 µm in length and are arranged longitudinally in a column between 

layers of compact parallel bundles of collagen fibrils (~20 μm)1.  Fibroblasts have 

abundant cellular organelles, indicating a high cellular activity.  The cells have multiple 

small cellular processes, or microvilli, which project into the surrounding areas of the 

amorphous PG-water portion of the ligament ECM. 

 

1.2 Ligament Injuries 

It is estimated that in North America, approximately 100,000-200,000 patients require 

total reconstructive ligament surgery per year14,15.  The ligament that is usually injured 
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and after which most of the current repair methods are modeled, is the anterior cruciate 

ligament (ACL) of the knee joint.  Figure 5 shows the main ligaments present in the knee. 

 

 

Figure 5:  The main ligaments of the knee 
Image modified from Fritz et al. 16 

 

 

Partial tears or complete rupture of the ACL occurs mainly from hyperextension and/or 

excessive rotational forces on the knee joint17.  The main cause of ligament injury is a 

result of competitive athletes pushing their body to the limit or novices attempting a new 

sport/activity and putting their body in unfamiliar situations.  Guidoin et al.18 investigated 

causes of ACL injury and found that the majority of ligament failures occurred in 

individuals aged between 20-25 from activities such as soccer (34.7) and alpine skiing 

(27.8%).  In another study conducted by Johnson et al.19 the main activity to cause 

ligament injury was alpine skiing, resulting in 20,000 ACL surgeries per year.   
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It has been demonstrated that current surgical techniques for the repair of ACL ruptures 

have a more positive outcome than non-operative treatments in terms of relative speed of 

recovery and strength of the ligament and joint17,20.  Non-operative treatments can cause 

the injured joint to become unstable, which can lead to cartilage degeneration, meniscus 

lesions and/or osteoarthritis21,22,23.  Therefore, sports medicine for ligament 

repair/reconstruction is an essential field of study since active people require an efficient 

method of repair to allow them to return to their activities as soon as possible.   

 

1.3 Ligament Reconstruction 

When considering the repair of an injured ligament, the ligament environment is an 

important factor for the method of repair.  The two main environments of the ligament 

are the intra-synovial (anterior and posterior cruciate ligaments) and extra-synovial 

(medial and lateral collateral ligaments)24.  Extra-synovial ligaments derive their nutrients 

and blood supply from arteries and osseous attachments1.  They are also known to exhibit 

a wound healing response, which usually results in the majority of their initial strength 

being restored26.  However, the severity of the ligament injury dictates the length of the 

remodelling phase.  Major complete-gap injuries usually require a 1-2 year remodelling 

phase in order to regain the majority of initial strength25 whereas minor non-gap injuries 

have been shown to heal rapidly and return to normal within 6 weeks26.  On the other 

hand, intra-synovial ligaments typically have a limited healing capacity and require a 

total replacement when completely torn.  Studies have shown that intact intra-synovial 

ligaments are capable of deriving nutrition from the diffusion of nutrients in the synovial 

fluid27.  However, in injured intra-synovial ligaments it has been shown that the synovial 
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fluid is detrimental to exposed fibroblasts and causes resorption of damaged ligament 

tissue within 1-2 months28.  Also, increases in active collagenase levels in the ligament 

have been detected in studies with the injured ACL compared to the latent collagenase 

levels in the intact ACL28.  These findings could potentially explain the rapid resorption 

and poor healing observed in intra-synovial ligaments.  For these reasons, injured intra-

synovial ligaments typically require total reconstruction for repair.  Therefore, much of 

the ligament repair research has focused on these ligaments.   

 

Currently the gold standard for ACL reconstruction involves the use of tendon 

autografts29,30.  The major disadvantages of this approach include donor site morbidity 

and long  periods of time for the graft to change into ligament tissue with respect to 

crosslink density and architecture (ligamentization31)32,33,34.  Long ligamentization 

periods result in poor mechanical properties of the graft and inefficient stability of the 

joint due to a mismatch in the tendon tissue properties35,36,37,38.  One possible alternative 

is to use allografts, which eliminates donor site morbidity.  However, with these grafts 

there are additional concerns, such as: alteration to structural and mechanical properties 

due to processing and sterilizing techniques, slower and incomplete ligamentization 

periods, an immune response, and/or disease transmission39,40,41,42.  Another problem for 

both auto- and allografts is the poor integration of the graft into the bone attachment sites 

(tunnels that are drilled to incorporate the graft into the joint)43.  This problem also leads 

to joint instability due to laxity of the graft.  In the early 1970s, attempts to overcome 

problems with auto- and allografts involved permanent ligament prosthetics made from 

synthetic materials.  Examples of the materials used in these fibrous devices were 



 8

polyester, polypropylene, ultra-high molecular weight polyethylene, polyarylamide and 

polytetrafluoroethylene.  However, high occurrences of material fatigue and creep with 

eventual graft failure lead to poor acceptability of these grafts as permanent ligament 

replacements18. 

 

1.4 Ligament Tissue Engineering 

In general, tissue engineering, or the fabrication of living tissue substitutes, has provided 

an alternative approach to current tissue repair methods by allowing tissue to be produced 

in vitro or in vivo.  Tissue engineering has also allowed for a more complete 

understanding of cell behaviour in regard to the physical and chemical environment.  

Tissue engineering consists of three main components: scaffold material and design, cell 

type and cell signals.   These three components make up what is known as the “tissue 

engineering triad44”.  There are many questions that have to be considered before 

initiating the design of a tissue engineering scaffold based on the triad.  These 

considerations include: cellular or acellular scaffolds, rate of scaffold degradation and 

tissue ingrowth rates, culturing the construct in vitro or in vivo, when to implant the 

device, and whether to design the scaffold to maximize tissue ingrowth or mechanical 

strength.  However, tissue engineering of the simpler tissues (e.g. connective tissues) to 

minimize the number of these considerations will be the ground-breaking work in this 

field of research. 
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Ligament tissue engineering aims to produce ligament tissue to replace damaged 

ligaments in place of the current surgical procedures involving the use of auto- or 

allografts.  Moreover, a better understanding of cell behaviour for tissue production in 

vitro is required to produce more functional tissues.  Current ligament tissue engineering 

attempts have so far been unsuccessful in producing functional tissue replacements and 

these failures will be further elaborated in the following chapter.  It was proposed that a 

scaffold constructed to mimic the structure of the ligament would be required to 

accomplish the goals of ligament tissue engineering.   
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Chapter 2. Literature Review 

Currently there is fairly limited research being conducted on ligament tissue engineering.  

It is possible that because ligament injury is rarely life-threatening and is more related to 

sports medicine, it is not receiving as much attention as other tissues.  However, ligament 

tissue engineering is still an important field of study since a better understanding of cell 

behaviour in these simpler connective tissues can be applied to more complex tissue 

engineering structures.  This chapter is an overview of the current literature based on 

ligament tissue engineering.  From this review, shortcomings of ligament tissue 

engineering will be highlighted.  Methods to overcome these problems will be provided 

in the later sections. 

 

2.1 Fibrous Scaffolds 

Early reports on ligament tissue engineering were very similar in design to the prosthetics 

used in the 1970s.  However, bioabsorbable scaffold materials were used in place of the 

non-degradable synthetic materials previously used.  The primary goal of these scaffolds 

was to provide initial mechanical support to the joint by having similar mechanical 

properties of the native ligament48,51,52,56.  The fibrous scaffold design was used to mimic 

the behaviour of the native ligament when in use.  In some of these scaffolds, knitting or 

braiding of the fibres was used to match the mechanical properties of ligament tissue.  

The secondary role of these scaffolds was to promote tissue ingrowth to eventually take 

over function of the native tissue.  In order to tailor the cellular response, degradation 

rates and mechanical properties of the scaffold, different materials have been used to 

produce the scaffolds.  Both natural (hyaluronan45, chitin46, silk47 and collagen48,49,50) and 
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biodegradable synthetic (poly(desamino tryrosyl-tryrosine ethyl ester carbonate))51, 

(poly(ε-caprolactone) (PCL) and poly(lactic acid) (PLA))46, poly(L-lactic acid) 

(PLLA)52,53, poly(lactide-co-glycolide) (PLGA)54,55,56,57, poly(glycolic acid) (PGA)58, ) 

polymers have been used to produce fibrous ligament scaffolds.  However, the polymer 

fibres used in these scaffolds had diameters ranging from 10s to 100s of µm, which were 

well above the diameters of the ligament fibroblasts (~10 μm).  The use of fibre 

diameters of this scale resulted in the cells interacting with a planar surface as opposed to 

a three dimensional matrix.  In addition, the large fibre diameters and the braided design 

used in these scaffolds limited cell seeding to the outside of the scaffolds and poor tissue 

integration into the scaffolds46,45,47,53,55,64.   

 

Modification to these fibre material surfaces were used to improve their cell adhesion and 

tissue integration properties.  Ide et al.59 studied PLLA fibres coated with type I collagen 

and demonstrated that cellular adhesion and proliferation was much greater on the 

collagen-modified scaffold than the unmodified PLLA scaffolds both in vitro as well as 

in vivo.  Fibronectin, a protein up-regulated during ligament wound healing, was shown 

to increase cellular attachment and matrix production on PGA, PLLA and PLGA fibre 

scaffolds by Lu et al.60.  Funakoshi et al.61 coated chitosan fibres with hyaluronan (HA) 

and found that HA increased fibroblast adhesion, proliferation and extracellular matrix 

(ECM) production.  A similar report by Majima et al.62 used chitosan, a cationic 

polysaccharide similar to GAGs found in the body, to coat alginate fibres and found that 

the hybrid scaffold had improved the cellular response as well as the mechanical 

properties of the fibres.  Other groups have used an arginine-glycine-aspartic acid (RGD) 
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peptide sequence known to promote cell binding on silk matrices to improve bone 

marrow stromal cell (BMSC) attachment and differentiation into fibroblast cells63,64.  

Surface modification of these fibrous scaffolds showed improvements in cellular 

adhesion, proliferation and ECM production over the unmodified scaffolds.  However, 

the surface modified scaffolds were still plagued with many of the same problems as the 

unmodified fibre scaffolds (poor cell seeding and tissue integration) since similar fibre 

diameters and fibre braiding techniques were used to manufacture them. 

 

2.2 Hydrogel Scaffold 

There are a limited number of ligament constructs based on hydrogel systems due to their 

limited mechanical properties for immediate implantation; a design criteria on which 

most of the current research has focused.    Altman et al.65 used a collagen type I 

hydrogel to differentiate BMSCs into fibroblast-like cells and to act as a structural 

template for tissue development.  The cells and scaffolds were cultured in a bioreactor 

under static and dynamic conditions which allowed the cells to differentiate into 

fibroblast-like cells.  However, the tissue that was produced was not comparable to native 

ligament tissue in terms of histology and mechanical properties.   A similar study was 

conducted by Noh et al.66 that examined a collagen type I hydrogel with mesenchymal 

stem cells for ligament tissue engineering.  The constructs were also cultured in a 

bioreactor under static and dynamic conditions.  Fibroblast-like cells along with 

ligament-like ECM were produced in the dynamically loaded constructs but, the 

constructs were again too weak for animal or clinical applications.  Therefore, hydrogels 

are capable of supporting and maintaining ligament cells and producing ligament-like 
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ECM during culture.  However, these hydrogel scaffolds by themselves were too weak to 

be used as a scaffold for ligament tissue engineering.   

 

2.3 Composite Scaffolds 

Other attempts to fabricate bioresorbable ligament scaffolds have used a matrix to 

encapsulate fibres and make a composite.  The main purpose of this design was to mimic 

the structure and mechanical property of the native ligament.   Dunn et al.67 used 

extruded collagen fibres (dry diameter 50-70μm) in a poly(lactic acid) solvent extracted 

matrix for rabbit ACL reconstruction.  Neo-tissue was observed after 4 weeks in 88% of 

the implanted scaffolds.  Davis et al.68 constructed an artificial tendon using a poly(2-

hydroxyethyl methacrylate)/poly(ε-carprolactone) hydrogel to encapsulate a 

commercially available poly(lactic acid) fibre (Davis and Geck 5-0 Dexon Plus fibre) for 

Achilles tendon reconstruction in rabbits.  Fibre/matrix degradation and tissue ingrowth 

was noticed after 45 days.  Also, Gentleman et al.69 developed a collagen fibre scaffold 

embedded in a cell seeded collagen hydrogel to create a scaffold to mimic the mechanical 

and viscoelastic properties of the ACL.  Common to all these scaffolds was that large 

fibre diameters were used to meet the design criteria of ligament-like mechanical 

properties.  Therefore, these scaffolds failed to provide adequate space for de novo tissue 

integration.  Therefore, the tissue produced in these scaffolds was not comparable to 

native ligament tissue in terms of structure or function. 
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2.4 Cell Types  

An important component of ligament tissue engineering is the cell type used to produce 

tissue within the scaffolds.  Eijk et al.55 conducted a study using goat BMSCs, primary 

ACL cells, and primary skin fibroblast cells.  These cells were grown on a resorbable 

poly(L-lactide-co-glycolide) suture material and it was determined that the BSMCs and 

primary skin fibroblasts cells showed the most promise for ligament tissue engineering 

based on cell proliferation, collagen content and specific ECM results.  Another study 

conducted by Cooper et al.53 examined primary ACL, MCL, Achilles tendon and patellar 

tendon rabbit cells as possible sources for ligament tissue engineering.  Based on cell 

morphology as well as the type and amount of ECM production, it was found that the 

primary ACL fibroblasts were better suited for ligament tissue engineering compared to 

the other cell types investigated.   

 

When conducting ligament tissue engineering research with primary cells, the main 

concern is that the cells do not change (de-differentiate) into other cell lineages.  Cell 

differentiation can be monitored by analyzing for specific cell or protein markers during 

or after the culturing period.  Culturing BMSC cells, on the other hand, is a much more 

complicated process since the cells must first be differentiated towards the desired 

lineage and then maintained throughout the rest of the culture period.  The results 

reported above indicated similar findings for both BMSCs and primary cells.  Therefore, 

it appears that for preliminary studies the cell choice depends mainly on the expertise and 

resources available to the researcher. 
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2.5 Cell Signals  

2.5.1 Mechanical Signals 

Residential ligamentum fibroblasts are subject to many different forces during normal 

daily activities.  The effects of mechanical stimulation on planar in vitro culture systems 

have been studied by many groups to better understand and improve on results seen in 

non-stimulated cultures (Table 1).   

 

Table 1:  Effects of mechanical strain on cell behavior in 2-D culture 

Type of 
Mechanical Load Cell Type Culture System Effect of Mechanical 

Stimulation Reference 

Cyclic tensile load Rabbit ACL Monolayer on FLEX-I 
culture plates 

Cells aligned perpendicular to 
direction of load with an increase 

in collagen type I synthesis 

Takashi et 
al.70 

Cyclic tensile load Human 
ligament 

Monolayer cultures on 
random and aligned 
polyurethane films 

Increase in matrix production with 
no effect on tissue histology Lee et al.71 

Uniaxial cyclic 
tensile load Human ACL Monolayer culture on 

silicon membrane 

Increase in mRNA expression of 
collagen type I and III and TGF-

β1. 
Kim et al.72 

Cyclic tensile load 
Bovine 

periodontal 
ligament 

Monolayer on flexible 
culture plates 

Increase of collagen type I and 
decorin mRNA expression and 

decrease in ALP activity 

Ozaki et 
al.73 

Cyclic tensile load Human ACL Monolayer on flexible 
culture plates 

Increase of collagen type I and 
decrease in decorin expression 

through ERK pathway 

Miyaki et 
al.74 

Constant tensile 
load Rat tendon 

Monolayer on laminin 
coated silicon 

membrane (rolled) 
anchored at both ends 

Self assembled aligned collagen 
fibrils, which increased in 

diameter from 20-80 to 200-300 
nm after 16 weeks in culture 

Calve et 
al.75 

 

 

Table 1 indicates that mechanical stimulation for ligament cells grown on a planar surface 

was beneficial for the production of ligament-like ECM in vitro.  These findings have 

also been applied to three dimensional hydrogel ligament scaffolds.  Altman et al.65 and 

Noth et al.66 in separate studies used BMSC and type I collagen gels anchored at both 

ends with a cyclic translational and rotational strain.  The results showed that there was 
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an up-regulation of collagen type I and III, tenascin-C, fibronectin and elastin compared 

to unloaded gels.  The cells appeared to align in the direction of load, however, the tissue 

produced within the collagen matrix was poorly organized and far from the histology or 

mechanical properties of the native ligament.  The end results were well below the 

criteria for an implantable ligament augmentation device.  Therefore, more work is 

required to determine the effectiveness of mechanical stimulation for ligament tissue 

engineering 

 

2.5.2 Chemical Signals 

Many studies have been performed to determine the effects of growth factors specific to 

ligament tissue engineering.  A table constructed by Goh et al. 76 is reproduced here to 

summarize some of the findings in the literature (Table 2).  Another study by Murray et 

al.77 looked at the effects of transforming growth factor (TGF) on a cell outgrowth study 

and found that it had an inhibitory affect on cell outgrowth from a ruptured ligament in 

vitro.  Hankemeier et al.78 also examined the effects of fibroblast growth factor (FGF) on 

the differentiation and proliferation of human bone marrow stromal cells into fibroblast-

like cells and found that a low dose (3ng/mL) of FGF was the most effective.   
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Table 2:  Ligament/tendon growth factors  

 The table was taken and modified from Goh et al.76 
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Delivery of growth factors to an in vitro culture system is simplified because the cells and 

tissues have been singled out and delivery can be modified by adjusting its concentration 

in the culture media.  In vivo studies are more difficult with respect to growth factor 

delivery to the injured ligament.  The method of delivery, how often and where to 

introduce the growth factors must all be considered.  This is especially important in 

hostile environments such as the intra-synovial ligaments, where the presence of synovial 

fluid may interfere with delivery.  However, conflicting results from the literature 

indicate that the conditions under which the growth factors are examined could alter their 

effect on the cells.  Therefore, the use of growth factors must be individually tailored to 

each specific culture system to obtain the desired effects. 

 

2.6 Gene Therapy 

One possible method to help with the in vivo delivery of growth factors for ligament 

tissue engineering is gene therapy.  Gene therapy is the introduction of specific sequences 

of nucleic acid that carry the desired gene, usually in the form of viral vectors (retro- or 

adeno- virus), into cells to express (or over-express) the gene of interest25.  Hildebrand 

and Woo reported the expression of a marker gene, LacZ, in the MCL and ACL of rabbits 

using an adenovirus vector79.  The results indicated that this technique could possibly be 

used for many known therapeutic growth factors.  Pascher et al.80 found that a collagen 

hydrogel seeded with an adenovirus transfected with the TGF-β1 gene promoted the 

migration of cells into the gel in vitro.  Results indicated that this could assist in the 

healing process of augmented ligaments.   
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Antisense gene therapy is another method that utilizes oligonucleotides to bind to the 

target genes and inhibit their expression.  Woo et al.25 demonstrated that antisense gene 

therapy could down-regulate collagen type III and V production, which has been shown 

to be overproduced compared to collagen type I during the ligament healing process.  

Nakamura et al.81 also demonstrated that antisense gene therapy could be used to down-

regulate the production of decorin in healing rabbit ligaments, resulting in the increased 

diameter and strength of the collagen fibrils.   

 

Current gene therapy techniques have shown that there is a decrease in the expression of 

the delivered gene within several weeks82,83.  These limited gene expression periods have 

been utilized for ligament tissue engineering since growth factors are mainly required to 

accelerate the initial healing response84.  However, the use of gene-based therapeutics 

raises a major concern, especially for ligament tissue engineering where the injury is non-

life threatening.  There are also some safety concerns with the use of gene therapy, 

including: possible immune response, toxicity effects of the gene product and gene 

delivery system, and non-specific insertion of the gene vectors85.  Therefore, more 

research into this area is required before it is considered an option for ligament tissue 

engineering applications.   

 

2.7 Summary 

For a successful tissue engineered ligament the scaffold must allow for adequate cell and 

tissue integration evenly throughout the scaffold during the culture period.  There must be 

adequate spacing between the fibres to allow for sufficient tissue to be produced between 
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the fibres.  The fibers should have dimensions that allow the cells to interact with the 

fibres as a three dimensional matrix.  The alignment of the fibres is also important to 

guide de novo tissue growth into more functional ligament-like tissue during the culture 

period.  Disregarding biocompatibility issues, these design criteria are important for 

producing a final tissue in an engineered environment that mimics the native ligament 

tissue.   

 

From the literature it was obvious that the previous research in ligament tissue 

engineering has concentrated on the mechanical properties necessary for immediate 

implantation of the scaffolds.  This major design criterion resulted in the use of fibre 

diameters that were larger then the dimensions of the seeded cells and acted as a planar 

culture surface.  The design of these scaffolds along with conventional cell seeding 

techniques (adding cells to scaffold in culture media) did not allow for adequate 

distribution of the cells throughout the scaffold.  During the culture period these same 

design flaws did not allow for sufficient tissue integration into the center of the scaffolds.  

Therefore, the final tissues that would likely be produced in these scaffolds would not 

have the functional properties necessary to act as tissue graft replacements once the 

scaffold degraded   

 

To improve on previous ligament tissue engineering attempts a biomimetic scaffold 

approach was suggested for this thesis.  The biomimetic scaffold could also be used as a 

tool to gain insight into the cell behaviour for the purposes of improving the tissues 

produced within the scaffold.    
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Chapter 3. Scope of Project 

3.1 Proposed Scaffold Design 

To improve upon previous ligament tissue engineering attempts it was determined that a 

biomimetic scaffold design was required.  Biomimetics is the field of study which takes 

concepts from biology and implements them in another field, such as biomaterials or 

tissue engineering86.  Therefore, it was proposed that a fibrous design was required to 

mimic the collagen fibrils of the native ligament as well as to act as a de novo tissue 

guide in the scaffolds.  The ability to produce fibre diameters at the sub-cellular level 

(<10 μm) is very important in making a biomimetic scaffold for ligament tissue 

engineering87.   Electrospinning is a technique that allows for the production of aligned 

fibres within the required diameter range (see Table 3).  Since the design criteria for the 

scaffold was to mimic the parallel collagen fibrils in the ligament the scaffold could be 

designed without reinforcing braids.  This design would allow for sufficient space in the 

scaffold for cell seeding and tissue integration during in vitro culture.   

 

It was also proposed that a hydrogel was required to mimic the hydrated portion of the 

ligament ECM to entrap water and provide lubrication between collagen fibrils as well as 

to deliver and distribute cells evenly throughout the scaffold.  The hydrogel would also 

act as a support to maintain the shape of the very thin electrospun fibres.  A schematic 

diagram of the proposed biomimetic scaffold is shown in Figure 6. 
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Figure 6:  Diagram of proposed scaffold design 

 

3.2 Fibres 

3.2.1 Electrospinning 

Electrospinning is the material processing technique88 that has recently been used as a 

means of producing fibres in the micron to sub-micron range for tissue engineering 

applications.  The process of electrospinning requires the use of a high voltage generator 

to produce an electrical field (Figure 7) between a charged needle and a grounded 

collecting mat.   

 

 

Figure 7:  Equipotential lines created during electrospinning 
Image taken and modified from Theron et al. 89 
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The electrospinning process works as follows.  A working solution is pumped through the 

needle until a droplet is formed at the tip.  When the electrical field is generated it causes 

the droplet to be pulled toward the collecting mat creating what is known as a Taylor 

cone90.  As the electrical field is increased, the pull of the field eventually breaks the 

surface tension of the droplet (Taylor cone) and a continuous fibre is formed in the air 

gap (the space between the needle and collection mat), which is attracted to the grounded 

collecting mat.  Depending on the solvent properties of the solution, the length of the air 

gap will allow most of the solvent to evaporate from the fibre.  This creates a dry, 

randomly orientated fibrous mat on the grounded collecting mat.  These fibres can also be 

aligned if a rotating drum or mandrel is used to collect the fibres. 

 

3.2.1.1 Parameters Affecting Electrospinning 

Many studies have been conducted to understand the process of electrospinning.  A report 

by Baumgarten91 found that a minimum weight percent of material was required for 

electrospinning poly(acrylonitrile) in dimethylformamide (DMF).  Below this limit, a 

droplet spray resulted whereas above this limit, fibre diameters were found to increase.  

This increase in fibre diameter continued until an upper weight percent limit was reached, 

which was identified by a discontinuous flow from the Taylor cone.  The solution flow 

rate was found to be important for producing a continuous fibre with consistent 

diameters.  Discontinuous fibre production was observed when the solution flow rate was 

faster than the electrospinning system could produce the fibres.  It was also noted that the 

optimal solution flow rate increased proportionately with the electric field strength.  

Ambient spinning conditions were also investigated and were found to have an effect on 
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the evaporation rate of the solvent.  In dry air (<5% relative humidity) the evaporation 

rate of DMF was found to be too high.  The high evaporation rate caused the Taylor cone 

to dry out and block the flow of the spinning solution, which disrupted the production of 

continuous fibres. 

 

Another study conducted by Son et al.98 found that the minimum spinning concentration 

of poly(ethylene oxide) was dependent on the solvent used (chloroform, ethanol, DMF 

and water) and the dielectric constant of the solutions.  Higher dielectric constants or 

higher polarity of the solvents were found to decrease the diameter of the fibres produced.  

The higher dielectric constants of the solutions resulted in a higher charge density and 

greater elongation force on the fibres that improved the solution’s spinability.  The 

addition of polyelectrolytes (poly(allylamine hydrochloride) and poly(acrylic acid sodium 

salt)) to the spinning solution resulted in further reduction in fibre diameters and a lower 

minimum weight percent required for electrospinning.  The size of the salt ion (NaCl, 

NaH2PO4 and KH2PO4) on the electrospinning process with poly(lactic acid) was also 

investigated by Zong et al.99.  It was determined that ions with smaller atomic radius have 

a higher charge density and therefore are more mobile under an electric field.  Greater 

elongation forces of the polymer molecules were observed when ions with smaller atomic 

radius were used in the spinning solutions, which allowed for the production of smaller 

diameter fibres.  McKee et al.92 studied the addition of different amounts of NaCl to a 

cationic polyelectrolyte, poly(2-(dimethylamino)ethyl methacrylate) solution.  The results 

indicated that the minimum electrospinning weight percent decreased as the salt 

concentration increased.   



 25

A study conducted by Um et al.93 showed that when conventional electrospinning 

methods were unable to spin fibres of hyaluronic acid (HA) in an aqueous HCl solution, 

the use of a heated co-axial air stream could be used to produce fibres.  The heated co-

axial air stream helped to produce HA nanofibres by decreasing the viscosity and 

increasing the evaporation rate of the aqueous-based spinning solution. 

 

Similar findings to those mentioned above have also been reported.  Minimum and upper 

limit weight percentage has been reported with a variety of other electrospinning 

systems94,95,96,97,98,99.  Fibre defects (bead on fibres) have been observed by other groups 

to be related to an increase in voltage96,100, lower weight percent polymer solutions97,98,99 

and molecular weight101 for a variety of polymers.  Reductions in bead on fibre defects 

have been made using (co-solvents102,103 and surfactants)104.   

 

3.2.1.2 Cellular Response to Electrospun Fibres 

Table 3 summarizes the results of previous studies on how cells have responded to 

different polymers electrospun into either random or aligned fibres.  From Table 3 it 

appeared that when the electrospun fibres were aligned, cells orientated themselves in the 

same direction as the fibres.  Therefore, the influence of the fibres on the cells could also 

be beneficial to affect the orientation of the de novo tissue produced in a scaffold.  The 

cells were also observed to grow with multipoint attachments into the fibre mats.  The 

overall results indicate that electrospinning was an acceptable method for producing 

fibres of sub-cellular diameters. 
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Table 3:  Cellular response to random and aligned electrospun fibre mats  

Material Fibre 
Orientation 

Fibre 
Diameter 

(nm) 
Cell Type Effect on Cells Reference 

Poly(DLLA-
co-GA) Random 500-800 

Mouse 
BALB/c C7 
fibroblasts 

-Normal cell phenotype 
-Attachment and proliferation on 

and into fibres 
Li et al. 105 

Poly(p-
dioxanone-

co-L-
lactide)-

block-PEG 

Random 380 (avg.) NIH 3T3 
fibroblasts 

-Normal cell phenotype 
-Attachment and proliferation on 

and into fibres 

Bhattarai et 
al. 103 

Gelatin and 
elastin Random 

200-500 
(gelatin),   
0.6-7 μm 
(elastin) 

Human 
mesenchymal 

cells 

-Attachment and proliferation until 
confluent Li et al.94 

PCL Random 700 (avg.) Fetal bovine 
chondrocytes 

-Attachment and proliferation into 
fibres 

-Cell morphology: flattened; on 
planar surface and rounded; in 

fibres 

Li et al.106 

PLA  Random 140-2000 

MC3T3-E1 
osteo-

progenitor 
cells 

-Larger cells with higher aspect 
ratios on larger diameter fibres 

(similar to planar culture surfaces) 
-Proliferation into fibres 

Badami et 
al.107 

Poly(LLA-
co-CL) Aligned ~500 

Human artery 
smooth 

muscle cells 

-Attachment and alignment of 
cytoskeletal proteins along fibres 

-Higher proliferation rate on fibres 
than on thin films 

Xu et al.108 

Chitosan-
PEG blend Random ~40 

MG-63 
osteoblasts 

and HTB-94 
chondrocytes 

-Normal cell phenotype 
-Attachment with filopodia and 

multiple long micovilli within fibres  

Bhattarai et 
al.104 

Polyurethane Aligned ~700 Human ACL 
fibroblast 

-Cell attachment and proliferation 
with tissue orientation along fibres 

-More collagen production on 
aligned than random fibres 

Lee et al.71 

 

 

3.2.2 Fibre Material Selection Criteria 

When choosing the material to use for the fibres certain criteria had to be met.  First, the 

material had to have acceptable cell biocompatibility since the cells where required to 

adhere and produce ECM on this fibre material.  Secondly, the material had to be 

biodegradable.  Biodegradation was one of the important aspects considered for the fibre 

material.  For tissue engineering applications it is required that the de novo tissue 
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produced within the scaffold will take the place of the biodegradable scaffold once 

degraded.  The material and its degradation products, therefore, must not be cytotoxic or 

elicit a foreign body response.  Finally, it was important that the material could be easily 

manufactured into sub-cellular diameter fibres by conventional electrospinning 

techniques. 

 

3.2.3 Fibre Material Selection 

A wide variety of natural and synthetic materials along with their blends can be 

electrospun and cellular responses to the fibres have been determined (Table 3).  

However, one material that stood out from the rest was chitosan.  Chitosan is a cationic 

random polysaccharide of (1-4)-linked 2-amino-2-deoxy-β-D-glucopyranose and (1-4)-

linked 2-acetamido-2-deoxy-β-D-glucopyranose and is soluble in dilute aqueous acidic 

solutions.  Chitosan is produced from chitin (Figure 8); which is derived mainly from 

crab shells, certain fungi, and squid pens.  Therefore, it is plentiful and economical to 

obtain.  Although chitosan is similar to chitin, it is generally accepted that chitosan has a 

degree of N-de-acetylation greater than 50% (Figure 9).   

 

 

Figure 8:  Chitin 
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Figure 9:  Chitosan 
 Images from Knaul et al.109 
 

 

Chitosan has functional characteristics that are very close to that of glycosaminoglycans 

(GAGs) found in the body110.  It is believed that GAGs may be involved in cell-cell and 

cell-matrix interactions in the body, which influence cellular proliferation and tissue 

organization.  Chitosan has also been shown to similarly affect these same cellular 

processes in vitro and in vivo and could possibly be involved as a biological catalyst for 

these behaviours110,111.  Chitosan has positive effects on fibroblast attachment and 

proliferation when the cells are grown on chitosan thin films112 or on tissue culture 

polystyrene (TCP) surfaces with chitosan supplemented media113.  Since chitosan is 

similar to GAGs found in the ligament ECM, its degradation products should not elicit a 

major foreign body response.  It is believed that the main mechanism of chitosan 

degradation in the body is via lysozyme114,115,116.    

 

Although chitosan was the initial choice for the scaffold fibres, the low volatility of the 

dilute aqueous acid solutions used to dissolve chitosan could hamper the electrospinning 

process making it difficult to produce continuous sub-cellular sized fibres.  Therefore, 

there was some uncertainty associated with producing the scaffold fibres with chitosan.     

Alternatively, a poly(ε-caprolactone-co-D,L-lactide) (PCLDLLA) polymer system was 

investigated.  Biomaterials constructed from poly(ε-caprolactone) (PCL) and 
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poly(lactide) (PLA), separately or as copolymers, have been previously used with 

widespread acceptability and FDA approval history117,118.  PCL is a semi-crystalline 

polymer with a glass transition temperature (Tg) of -60°C and an in vivo degradation rate 

of approximately 2 years119.  Poly(D,L-lactide) (PDLLA) on the other hand is an 

amorphous polymer that has a Tg between 50-60°C and an in vivo degradation rate of less 

than a year119.  These materials are also well established for producing fibres using 

electrospinning99,103,105,106,107,108,120.   Even though the polymers are not chemically similar 

to the constituents of the native ligament, both polymers can be broken down by 

hydrolysis of the ester bonds into relatively harmless by-products121 (shorter polymer 

segments with carboxylic acid and alcohol terminal groups).   

 

The problem with PCL and PDLLA is that they have been shown to elicit lower cellular 

adherence and proliferation rates when compared to other polymers such as poly(lactide-

co-glycolide) (PLGA)122.  However, certain physico-chemical surface modifications have 

been used to improve their surface chemistry for better cellular recognition.  These 

techniques include: etching, coating, blending, ion implantation and graft 

polymerization123 all of which are attractive as they do not change the bulk properties of 

the material.  One of the most convenient methods for physicochemical surface 

modification is base-catalysed hydrolysis.  This method improves the hydrophilicity of 

aliphatic polyester materials by producing carboxyl and hydroxyl groups on the surface.  

Base-etched polymer surfaces have been shown to improve protein adsorption, cellular 

adhesion and cellular proliferation124,125,126,127.  The treatment is conducted in an aqueous 
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solution and only requires a simple washing step with water to stop the reaction and 

remove the excess reagents thereby making it ideal for tissue culture work. 

 

3.3 Hydrogels 

3.3.1 Hydrogel Material Selection Criteria 

Hydrogels used for cell encapsulation act as an artificial three dimensional environment 

that can mimic most native extracellular matrices.  Some of the most important 

considerations in choosing a hydrogel system for encapsulating cells for tissue 

engineering are that the pre-gel solution, crosslinking method and final hydrogel are 

cytocompatible.  The hydrogel must provide an environment conducive for the cells to 

grow in and re-organize as new tissue is produced as well as not impede the diffusion of 

nutrients or metabolic waste products128.  Sufficient mechanical properties of the gel were 

also required to allow for handling and manipulation during culture. 

 

3.3.2 Hydrogel Material Selection 

Many synthetic and natural materials have been used to construct hydrogels.  A material 

that is commonly used for cell encapsulation is poly(ethylene glycol) 

(PEG)129,130,131,132,133.  PEG has been shown to be fairly inert in terms of cell adhesion and 

protein adsorption134.  However, PEG has poor biodegradation properties as it is not very 

susceptible to hydrolysis or enzymatic degradation135.  Another problem is that low 

molecular weight components of PEG diacrylates have been shown to be cytotoxic at low 

concentration136.  Alginate is another material that is commonly used to construct 

hydrogels.  However, alginate cannot be efficiently broken down by enzymes present in 
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vivo, which could result in unpredictably long degradation times137.  Alginate has also 

been shown to have poor cell adhesion properties138.  Alternatively, chitosan and 

hyaluronic acid (HA) are attractive as they are both structurally similar to the GAGs 

found in the native ligament.  Compared to HA, chitosan is more economical to obtain in 

large quantities and has a readily modifiable amine group.  In addition, cationic polymer 

hydrogels have been shown to promote fibroblast migration, proliferation and ECM 

production139.  Therefore, the positive charge of chitosan, compared to the negative 

charge of HA140, could be beneficial for the encapsulated fibroblasts.   For these reasons, 

chitosan was chosen as the hydrogel material.  Specifically, a water soluble glycol 

chitosan was selected so that pre- and post-gelation work could be conducted at 

physiological conditions. 

 

3.3.3 Crosslinking System 

A table of previously used cell encapsulating chitosan hydrogels is shown in Table 4. 

 

Table 4:  Cell encapsulation in chitosan hydrogels 

Hydrogel 
Materials 

Crosslinking 
Method 

Cell Type and  
Density  Results Reference 

Chitosan, 
Glycero-

phosphate and 
hydroxyethyl 

cellulose 

Heat induced 
ionic 

crosslinking 

-Bovine 
chondrocytes 

-10000 
cells/μL 

-Cartilage and proteoglycan 
accumulation after 20 day in 

vitro and in vivo 

Chenite et 
al.141 

Protasan 
(chitosan 

chloride and 
glutamate salts) 

Genipin 
crosslinking at 
37oC for 2hrs 

-Bovine 
interverebral 

disk cells 
-2440 cells/μL 

-Cell viability decreased with 
higher protasan concentrations 

- chitosan as glutamate salts 
had better viability then as 

chloride salts 

Mwale et 
al.142 and 

Roughley et 
al.143 

High molecular 
weight 

Chitosan 

NaCl ionic 
crosslinking 

and 
precipitation 

-R208F & 
R208N.8 

fibroblasts and 
PC12 cells 

-8000 cells/μL 

-Cells were viable up to 4 
weeks in precipitated chitosan 

-Poor viability in 
tripolyphosphate crosslinked 

chitosan controls at 1-2 weeks 

Zielinski et 
al.144 
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The various crosslinking methods used in the literature that involved a reversible ionic 

crosslinking or precipitation approach for cell encapsulation did not seem suitable for this 

project.   Variations in pH during cell culture could affect the physical properties of these 

reversible hydrogels145.  Therefore, a permanent crosslinking method would be more 

suitable for this application.  A variety of covalent crosslinking systems were examined 

due to the uncertainty in physical gel properties as well as cellular compatibility with the 

gelation system using the different crosslinking agents.   

 

For all crosslinking systems investigated, the water soluble glycol chitosan (GC) was 

used either in an unmodified form or in a modified methacrylated form (M-GC) for 

photocrosslinking.  The structures of both are shown below in Figure 10. 
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Figure 10:  Structure of glycol chitosan and methacrylated chitosan prepared at pH 9. 

 

 

Genipin was first investigated as it has been shown to be cytocompatible146 with little or 

no effect on cell viability (90% after 20 days)142,143.  Mi et al.147 stated that the genipin 

crosslinking reaction has two possible mechanisms depending on the pH of the system 

(Figure 11).   
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Figure 11:  Reaction mechanisms of genipin with chitosan at different pH conditions 
 Images taken and modified from Mi et al.147  
 

Acidic and Neutral Conditions 

Basic Conditions 
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At neutral and acidic conditions, the crosslinking reaction occurs by nucleophilic attack 

of the amino groups on the chitosan backbone to open the dihydropyran ring of genipin to 

form a heterocyclic amine.  These heterocyclic amines can then form either dimer, trimer 

or tetramer bridges with chitosan to create a tightly crosslinked network.  Alternatively at 

strongly basic conditions, nucleophilic attack on the hydroxyl group of the genipin 

molecule by OH- ions in the solution results in a ring-opening reaction to form an 

aldehyde group.  The aldehyde groups on the ring-opened genipin molecules undergo an 

aldol condensation polymerization reaction.  The terminal aldehyde groups on the 

polymerized genipin react with the amino groups on the chitosan backbone via a Schiff-

base reaction to form a loosely crosslinked network. 

 

A PEGD crosslinker system was also examined since it has been used as a hydrogel 

material itself or as a crosslinker for a variety of cell encapsulation methods with 

acceptable results129,135,148.  PEGD reacts with GC through a 1-4 Michael-type reaction 

(Figure 12).  The 1-4 Michael-type reaction occurs between the free amine group on the 

chitosan backbone which acts as a nucleophile and attacks the carbon-carbon double 

bond on the acrylate groups present on the PEGD crosslinker molecule to form the 

covalent bond. 
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Figure 12:  1-4 Michael-type addition reactions between GC and PEGD700 
Reaction occurs between free amine group on chitosan and reacts the C=C bond on PEGD700  

 

 

Finally, M-GC was examined as a photocrosslinkable hydrogel.  Photocrosslinking is a 

rapid gelation system commonly used to encapsulate cells with acceptable 

cytocompatibility levels, which has been demonstrated with a variety of different cell 

types129,130,131,148,149,150,151.  The photoinitiator I2959 has been commonly used for cell 

encapsulation work with acceptable cytotoxicity levels149,152 and so was chosen to initiate 

gelation of the M-GC.  A possible reaction mechanism for this system is shown below 

(Figure 13).   
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Figure 13:  Photocrosslinking reaction with M-GC and I2959 
R = glycol chitosan backbone, image taken and modified from Knight et al.153 

 

 

3.4 Cell Selection 

For ligament tissue engineering purposes the main choice of cells was either 

mesenchymal stem cells (MSC) or primary ligamentum fibroblasts.  One of the main 

disadvantages of using MSCs is that they have to be influenced to differentiate into the 

desired cell type.  This requires an in-depth knowledge of stem cell biology and 

differentiation pathways154.  Primary cells, on the other hand, are present in the tissue and 

are actively producing and maintaining the ligament ECM.  Another consideration for 

cell choice was the use of passaged cells.  However, Zimmermann et al.155 has shown that 

cultured passaged fibroblasts quickly lose their phenotype and cell markers even by the 

fourth passage.  Cell lines are also very similar to passaged cells since they are 
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established only to proliferate.  Thus, it was proposed that primary ligamentum 

fibroblasts would be an ideal and economical choice for this study. 

 

3.5 Objective 

The primary objective of this thesis was to engineer ligament tissue by designing an 

artificial biomimetic environment to encourage cultured cells to function and produce 

tissue as if present in a native ligament.  More specifically, the objectives were to 

investigate a variety of materials to produce fibres of sub-cellular diameters and a variety 

of chitosan crosslinking methods to produce a cytocompatible hydrogel.  The final 

objective was to characterize the tissue produced within the scaffold to confirm that the 

cells were behaving as expected, by producing ligament-like tissue. 
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Chapter 4. Materials and Methods 

4.1 Fibres 

4.1.1 Reagents 

Trifluoroacetic acid (TFA), chitosan (high Mr ~ 2000 kDa, medium Mv ~ 200 kDa and 

low Mv ~ 50 kDa), stannous octoate, 99+% anhydrous 1-octanol, 99.8% anhydrous N, N-

dimethylformamide (DMF), poly(ethylene glycol) (Mv~900kDa) and ≥99.9% dimethyl 

sulfoxide (DMSO) were purchased from Sigma-Aldrich (Canada).  Dichloromethane 

(DCM), methanol and glacial acetic acid (all reagent grade) were purchased from Fisher 

Scientific (Canada).  Triton X-100 was purchased from VWR (Canada).  Anhydrous 

ethanol was obtained from Commercial Alcohols Inc (Canada).  Purasorb D,L-lactide 

(DLLA) was obtained from Purac (Holland) and was used as received.  99% ε-

caprolactone (CL) was purchased from Lancaster (Canada) and was dried over calcium 

hydride and distilled under reduced pressure before use.  Dimethyl sulfoxide D-6 (99.9%) 

for 1H NMR was obtained from Cambridge Isotope Labs (USA). 

 

4.1.2 Material Preparation 

4.1.2.1 Chitosan 

All chitosan for electrospinning was purified before use by first dissolving in 1% v/v 

aqueous acetic acid and then filtering with Fisher Brand coarse/fast filter paper.  The 

filtered chitosan was then precipitated using 1 M NaOH to bring the pH up past the pKa 

of chitosan (6.5)156.  The precipitated chitosan was filtered, collected and air dried under 

vacuum at room temperature.  Chitosan was also freeze dried by re-dissolving the 
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precipitated chitosan, freezing the solution overnight at -20°C and then placing on the 

lyophilizer for 2-3 days or until completely dry.   

 

4.1.2.2 PCLDLLA 

To synthesize the linear PCLDLLA copolymer, a ring opening polymerization reaction of 

ε-caprolactone and D,L-lactide was performed (Figure 14).  The monomers were added 

to a flame dried ampoule along with the required amount of initiator (1-octanol).  It was 

then purged with nitrogen gas, covered and placed in a 140°C oven.  Once the monomers 

were completely melted and a homogeneous liquid, a single drop of the catalyst (stannous 

octoate) was added.  The ampoule was purged with nitrogen gas and placed on a vacuum 

line and vortexed.  After being flame-sealed, the ampoule was placed back into the 140°C 

oven and allowed to polymerize for 48hrs.   

 

After polymerization, a methanol purification process was used to remove any impurities 

or unreacted monomers from the polymers.  The ampoule containing the polymer was 

crushed and the polymer dissolved in DCM.  Once the polymer was dissolved the 

solution was filtered to remove any glass debris.  The excess solvent was evaporated off 

by forcing air over the top of the beaker (adiabatic cooling).  This was done until 

approximately half of the DCM was evaporated.  Methanol was then added in excess and 

the solution was placed in a -20°C freezer and left overnight.  After removing the mixture 

from the freezer, the top solution was discarded and the remaining polymer slurry was 

placed on a Teflon™ sheet (to facilitate removal of the polymer once dry) which was 

then placed in a 70-80°C heated vacuum oven with a vent and H2O trap for 24 hours. 
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PCLDLLA copolymer blends were produced using either a solvent or high temperature 

blending technique.  For the solvent blending method, DCM was added to the desired 

copolymer ratio and vortexed until completely dissolved (~1 hr).  After mixing the DCM 

was evaporated off and DSC analysis was performed to obtain the blended polymers Tg.  

For high temperature blending, the desired copolymer ratio was added to a glass vial and 

heated at 140-150°C for 4-5 hrs.  DSC analysis was performed once the PCLDLLA blend 

had cooled down to room temperature. 

 

 

Figure 14:  Ring Opening Polymerization of CL and DLLA 
 

 

The Flory-Fox equation (Equation 1) was used to determine the copolymer CL:DLLA 

mass ratios, where (mi) and (Tgi) represents the mass fraction and glass transition 

temperature for the two monomers, respectively.  Tg represents the glass transition 

temperature of the copolymer.   
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A pre-determined final mass of the copolymer along with the calculated CL:DLLA mass 

ratio was used to determine the actual amount of each monomer required for the 
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polymerization reaction.  To calculate the amount of initiator required it was assumed 

that one mol of initiator was required for every mol of polymer (1 mol initiator = 1 mol 

copolymer).  Therefore, to determine the amount of initiator required, the total starting 

mass of both monomers used was divided by the desired molecular weight of PCLDLLA 

to be synthesized.  This resulted in the mol of polymer that would be produced from the 

given reactants which in turn equaled the mol of initiator required.   

 

4.1.3 Electrospinning  

4.1.3.1 Chitosan 

The chitosan electrospinning apparatus consisted of a syringe pump, high voltage 

generator, heated co-axial air flow and a grounded copper collecting mat (Figure 15).  A 

conventional electrospinning setup was also used when a heated co-axial air flow was not 

required.  The heated co-axial air flow apparatus was constructed from a “T” type air 

process heater (model AHP-3741) and a 1/32 DIN autotune temperature process 

controller (model CN 8590) with a T-type thermocouple (model TMQSS) (Omega).  

Swagelok™ fittings were used to construct an apparatus to flow the heated air around a 

1/16” O.D. stainless steel spinning solution feed tube.  To control the co-axial air flow a 

Matheson flow meter (model 7630T with a #605 tube) was used to limit the air flow rate 

between 0.8-3 SLPM with an air temperature from 60-80°C.  A glass insulator tube was 

used to isolate the other electrical equipment from the high voltage power supply (Bertan 

Associates Inc. Series 230-30R).  A syringe pump (Sage Instruments Model 220) was 

used to control the feed rate of solution at the needle tip with either a 5 mL disposable 

syringe for the aqueous based solutions or a 5 mL glass and Teflon™ syringe (SGE) for 
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the corrosive solutions.  To connect the syringe to the charged syringe needle (18 ga.), 

1/16” I.D. PharMed™ tubing was used with the appropriate Tefzel™ luer lock fittings 

(Cole-Parmer).  For all trials, a solution flow rate of less then 1 mL/min was used.  The 

air gap ranged from 5-15 cm with the electrical field between 15-30 kV. 

 

 

Figure 15:  Electrospinning apparatus for chitosan solutions with heated co-axial air flow. 

 

 

Chitosan fibres were either electrospun with or without the aid of a 1M NaOH 

precipitation bath that was contained in a 10 cm Petri dish.  The fibres electrospun with 

the precipitation bath were chemically dried using a graded series of methanol solutions 

to approximately 100% methanol.  After chemically drying, the fibres were removed 

from solution and air dried overnight at room temperature in a fume hood.  Fibres that did 

not require the aid of a 1 M NaOH precipitation bath were removed from the collecting 
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mat and soaked in a 1 M NaOH for 30 min with agitation (600 rpm) at room temperature.  

After the 1 M NaOH treatment, the samples were rinsed three times in 70% ethanol for 

10 min (600 rpm) each.  The fibres were then dried overnight in a room temperature 

vacuum with a vent and H2O trap.  

 

4.1.3.2 PCLDLLA 

The PCLDLLA electrospinning apparatus utilized the same syringe pump and high 

voltage generator from the conventional chitosan electrospinning apparatus (Figure 16).  

Alternatively, a 3 mL disposable syringe with a 21 ga. blunt tip needle was used.  In 

addition, a wire mandrel was constructed from aluminium wire by using two end pieces 

(~5 cm in diameter) and four 10 cm parallel rods connecting everything together (Figure 

17).  The wire mandrel was then attached to a horizontally mounted in-line mixer 

(Barnant, series 20).  A contact tachometer (Extech) was used to measure the rotational 

speed of the mandrel.   

 

A set flow rate of 0.03 mL/min, 13.5 cm air gap, positive 2 kV/cm electric field and a 

mandrel rotation speed of 1000 rpm were used to electrospin the PCLDLLA copolymer.  

The fibres, while still on the mandrel, were removed from the in-line mixer and stored in 

a fume hood for 0.5 – 1 hr to dry.  Further drying of the fibres was completed in a room 

temperature vacuum desiccator with a vent and water trap for 1-2 days.  For long-term 

storage, the fibres were kept on the mandrels in a vacuum desiccator at room temperature. 
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Figure 16:  Electrospinning apparatus for PCLDLLA fibres with rotating wire mandrel 
 

 

 

Figure 17:  Wire mandrel used to collect electrospun PCLDLLA fibres 
Wire mandrel mounted on modified overhead mixer, A – before spinning and B – after spinning 
with collected fibres 

 

A B
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Base-etching of the PCLDLLA copolymer was used to enhance the surface properties for 

culture work.  To facilitate certain surface analysis techniques on the copolymer after the 

base-etching procedure, thin films of the same composition were prepared by solvent 

evaporation on a Teflon™ surface.  It was assumed that there would be no difference in 

surface chemistry between the base-etched thin films and fibres.  However, shorter 

etching times were used on the fibres due to their finer dimensions.  To construct the 

PCLDLLA thin films, a 75 μL droplet of 5 wt% polymer solution in DCM was placed on 

a Teflon™ mold and allowed to evaporate overnight in the fume hood.  This method 

produced a thin film of ~1 cm in diameter similar to the 24-well plates used for the cell 

culture experiments.  Afterwards, the thin films were transferred to a vacuum desiccator 

for further drying for 1-2 days. 

 

Base etching of all samples was performed in 1.5 mL poly(propylene) micro-centrifuge 

tubes with 1 mL of 0.5-1.0 M NaOH per sample for the required time (5 min – 3 hr) at 

room temperature with constant agitation (600 rpm on an Eppendorf Thermomixer*R).  

The samples were then rinsed at least 3 times (600 rpm) or until the solution tested 

neutral (using pH sensitive paper strips) with 1 mL ddH2O for 10 min each.  The base-

etched copolymers were then air-dried at room temperature in a vacuum desiccator with a 

vent and H20 trap overnight. After drying, the collapsed fibres were spread out to their 

original shape to ensure the majority of the base-etched fibres were aligned before 

incorporation into the scaffold.  No further work was required for the dried PCLDLLA 

thin films. 
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4.1.4 Analysis 

Glass transition temperatures (Tg) of the PCLDLLA copolymer for various CL:DLLA 

compositions were measured with a Seiko Instruments DSC 220U.  Samples of ~10 mg 

in crimped aluminium sample pans were used, and the data were taken from the second 

heating cycle to ensure a common thermal history.  The cycles used were as follows: (1st) 

room temperature to 100°C, (2nd) 100°C to -100°C and (3rd) -100°C to 100°C (data 

taken).  A 15°C/min heating rate with a 10min hold time at each set point was utilized. 

 

Proton nuclear magnetic resonance (1H NMR) was used to confirm the molar ratios of 

CL:DLLA in the synthesized PCLDLLA polymers.  1H NMR was also used to detect 

changes in surface chemistry on 5 min – 3 hr, 0.5 M NaOH, base-etched PCLDLLA 

electrospun fibres.  PCLDLLA samples of 10 mg/mL were dissolved in dimethyl 

sulfoxide-D6.  1H NMR was performed on a Bruker Avance-600 MHz and an Avance-

400MHz with automatic sampler.  Samples were analysed at room temperature.  An 

external reference was not used for any of the spectra.   

 

Attenuated total reflectance Fourier transform infra-red spectroscopy (ATR-FTIR) was 

performed to determine surface carboxyl groups after 0.5-1.5 hr and 0.5-1.0 M NaOH 

hydrolysis of the PCLDLLA thin films.  ATR-FTIR was performed on an Avatar 320 

Fourier Transform Infrared Spectrometer using a single pass diamond with a 45° incident 

angle.  Spectra were collected at atmospheric conditions using 32 scans with a resolution 

of 4cm-1.  Grams/32 AI software (Galactic Industries Corporation) was used to analyse 

the spectra. 
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Static water contact angle measurements (n=3) were conducted on the PCLDLLA thin 

films to determine the effect of alkaline hydrolysis on surface chemistry.  Water contact 

angles of original and 1.5 hr, 0.5 M NaOH, base-etched PCLDLLA thin films were 

measured with an AST Products Inc. VCA Optima goniometer along with VCA Optima 

XE v1.90.0.2 software.  A 1 μL droplet of distilled water was used and pictures were 

taken immediately after contact. 

 

To determine the molecular weight of the PCLDLLA polymers, gel permeation 

chromatography (GPC) was performed.  Samples were analyzed on a Waters 2960 

separation module with a Waters 410 refractive index (RI) detector and a Wyatt 

Technology light scattering (LS) system (690 nm and angles 62-110° with a 2nd order 

molar mass vs. volume polynomial fit), which was equipped with 5 Waters Styragel 

columns in series (High Resolution, 5E, 4, 3, 1 and 0.5 at a size of 300x5 mm and an 

effective molecular weight range of 0-4000 kDa).  Samples were made up at 5 mg/mL in 

THF distilled over calcium hydride under a nitrogen atmosphere and 0.45 μm filtered.  A 

100 μL injection volume was used with a flow rate of 1 mL/min at 40°C.  Results were 

analyzed and fitted in Astra v4.90.07 (Wyatt Technology) using either a polystyrene/THF 

universal calibration curve with for RI values or a PCLDLLA/THF dn/dc value157 of 

0.067 for LS values. 

 

A molecular weight degradation study, based on viscosity, was conducted with a purified 

and lyophilized 6 wt% chitosan solution in 70:30 TFA:DCM.  A #400 capillary 

viscometer (Fisher Scientific) was used to measure the viscosity.  The time required for 
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the solution to move the through the viscometer, which was proportional to the molecular 

weight of the solution, was recorded until the readings were constant.  

 

PCLDLLA fibres were mechanically tested at 37°C using a Mach-1™ micromechanical 

tester (Bio Syntech, Canada) (n=4 for stress strain measurements, n=1 for residual stress 

tests).  Sections of fibres, while still on the collecting mandrel, were mounted within a 

cardboard window using double sided adhesive tape at both ends.  The cardboard 

windows were approximately 2.5 cm by 2.5 cm with an average gauge length of 1.4±0.1 

cm.  The average mass of the fibre mats alone was 5.3±0.5 g.  The cardboard windows 

were then mounted in the tensile tester grips with the gauge length of fibers exposed.  The 

sides of the window were cut and the residual forces in the fibres were measured.  The 

fibres were then stretched until failure at a rate of 1 %/s.  Respective density values of 

1.094 and 1.248 g/mL for amorphous poly(ε-caprolactone)158 and poly(D,L-lactide)159 

were used for an approximate PCLDLLA density based on the mass ratio of CL:DLLA.  

For the true stress-strain measurements, the cross-sectional area of the fibre mats was 

determined from the calculated density and the gauge length.  The calculated cross-

sectional area along with the fibre diameter distribution was used to determine the 

number of individual fibres per mat and thereby the individual fibre mechanical 

properties.   
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Equation 2 was used to calculate the true strain for the fibre mats and the individual 

fibres, where lf and lo are the final and intial lengths, respectively.  In addition, Equation 3 

was used to calculate the true stress, where σ and ε are the engineering stress and 

engineering strain values, respectively. 

 

Brightfield images of the electrospun chitosan (aqueous acetic acid solvent) fibres were 

taken while the fibres were still in solution (~100% methanol).  All other brightfield 

images were taken on glass slides.  A Leica camera (model DFC320) mounted on a Hund 

Wetzlar inverted microscope (model Wilovert S) was used to take the pictures.  Images 

were captured using Leica IM50 software.   

 

SEM images for the electrospun fibres were taken on a JSM-840 Scanning Microscope 

with a 10 kV electric field and a tungsten filament.  Specimens were removed from the 

collecting mat or mandrel and mounted on an aluminium stub using a double sided 

adhesive tape.  The samples were then gold coated prior to SEM imaging using a 

Hummer VI-A pulse - sputter coating system (Anatech Ltd.) under a 60 mtorr vacuum. 

 

Brightfield and SEM images were used to determine the diameter and crimp parameters 

of the electrospun fibres.  Random diameter measurements were taken using Iconico 

Screen Calipers version 3.3.  For the crimp measurements single wavelengths were 

randomly chosen and measured along with their amplitude.  Pixel readings were 

converted either using the scale present on the SEM images or a 0.01 mm division 

micrometer image taken using the same microscope at the same magnification.  SEM 
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images were also used to visualize the effects of base etching on the electrospun 

PCLDLLA fibres in 0.5 M NaOH for a variety of time points from 5min-3hrs. 

 

4.2 Hydrogels 

4.2.1 Reagents 

Glycol chitosan (GC) (Mn = 180 kDa), poly(ethylene glycol) diacrylate (Mn = 700) 

(PEGD700) and 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (I2929) were 

purchased from Sigma-Aldrich (Canada).  Genipin was purchased from Wako Chemicals 

(Japan).  Dubecco’s Modified Eagle Medium (DMEM) and 1X phosphate buffered saline 

(PBS) were purchased from Invitrogen (Canada).  Methacrylated glycol chitosan (M-GC) 

was manufactured in our lab. 

 

4.2.2 Material Preparation 

Glycol chitosan (GC) was purified by making a 2 wt% solution in ddH2O until dissolved 

(overnight).  The solution was vacuum filtered using Fisher brand coarse/fast filter paper.  

The solution was dialyzed in 1 L of ddH2O using Spectra/Por 7 regenerated cellulose 50 

kDa MWCO dialysis tubing (Spectrum Labs) twice for 4hrs each.  The dialyzed GC was 

then frozen at -20°C overnight and placed on the lyophilizer until dry.  GC was 

redissolved in either 1X PBS or culture media prior to making the gels. 

 

4.2.3 Crosslinking 

For gelation of the biomimetic scaffold and controls, a custom designed Teflon™ mold 

(Figure 18) was constructed with a base and raised platform of 4x7 mm and a separable 
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top section that fit around the platform forming a well 2x4x7 mm.  This design allowed 

for easy removal with minimal stress on the gel/scaffold.  Once the top was removed, the 

scaffold could be easily transferred into the culture vessel.   

 

 

 

Figure 18:  Two piece Teflon™ mold used for gelation work 

 

 

Work done by Mwale et al.142 was used as a guide for the genipin and GC hydrogel work.  

The chitosan chloride/glutamate salts previously used were replaced with GC.  A 2.5 wt% 

solution of GC in DMEM with 5% w/w genipin/GC was used as the working gel 

solution.  Gelation studies were conducted at 37°C in consideration for future cell culture 

work.  A change in color from yellow to a dark blue throughout the whole gel was used to 

indicate when the hydrogels were formed142,143.   

 

GC and PEGD700 gelation studies were also conducted at 37°C.  A variety of molar 

ratios were used to test the 6 wt% GC:PEGD700 gelation system to determine the lowest 

possible concentration with an acceptable crosslinking time.  The shortest possible 

gelation time was used in order to minimize the time the cells would be in contact with 
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the unreacted PEGD crosslinker.  Molar ratios of 6 wt% GC:PEGD700 (1:15, 1:30, 1:45, 

1:60 and 1:80) were examined.  Gelation was competed in 1 dram glass vials to facilitate 

the analysis techniques after gelation.  Because of the small amount of the PEGD700 

crosslinker required for the gel solution, a stock solution was made using a higher 

concentration diluted in 1X PBS.  3.5 μL of this solution was added to the appropriate 

amount of 6 wt% GC.  To determine when the pre-gel solution was visually gelled, a 

simple flow test was performed where the gelation vial was tilted.  If the solution did not 

flow, a basic mechanical poke test was conducted with a glass pipette tip until the 

solution/gel was resistant.  At this point the solutions were considered gelled and the gel 

properties were analyzed.   

 

For the photoinitiated hydrogel solution a 3.4 wt% M-GC stock solution in 1X PBS was 

initially prepared.  The photoinitiator, 2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone (I2959), was dissolved in ddH2O at its maximum solubility limit of 

0.8 wt%.  The I2959 solution was vortexed and then heated at 60°C for ~30 min to 

facilitate mixing.  A 1 mL 3 wt% stock gel solution was prepared by mixing 880 μL of 

3.4 wt% methacrylated glycol chitosan (M-GC) with 120 μl 1XPBS and 20 μL of I2959.  

To photocrosslink the gel solution, 50 μL was placed in custom designed Teflon™ molds 

(Figure 18) and the lowest possible UV intensity and exposure times.  Photocrosslinking 

was performed with an EXFO Lite lamp with a 320-480 nm (UV/Visible range) filter and 

a dual leg liquid light guide (length = 100 cm and active output diameter of 5 mm).  

Energy output was determined with an EXFO R5000 radiometer.   
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4.2.4 Analysis 

To estimate how the gels would perform in an aqueous culture environment, their sol 

contents were measured (n=3).  After crosslinking, the gels were air dried at room 

temperature in a vacuum desiccator with a vent and H2O trap for 48 hrs.  Gels were then 

swollen at 37°C in 1X PBS and placed on a rotating mixer at a low speed.  The water was 

changed 5 times within a 48 hr period and then re-dried under the same conditions.  

Weights were recorded after each step to calculate the water equilibrium content and sol 

fraction of the gels.  Water equilibrium content was calculated using the following 

equation (Equation 4) where ms is equal to the re-swollen gel mass and md1 is the first dry 

mass of the gel. 

s

ds

m
mm

ContentWatermEquilibriu 1−
=   Equation 4  

Sol fractions were calculated using the following equation (Equation 5) where md2 is the 

second dry mass of the gel after 48hr swelling period in 1X PBS. 
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For the GC and PEGD700 hydrogels it was assumed that the gels were not completely 

gelled due to the relatively short gelation period.  Therefore, a degradation study was 

conducted to determine the stability of the hydrogels in an aqueous environment.  

Immediately after it was determined that the solution had gelled, the vial was filled with 

1X PBS and placed on a low speed rotating mixer at 37°C.  The vials were checked daily 

until the gels no longer had a defined shape at which time the gel was considered 

completely degraded.   
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4.3 Cell Culture 

4.3.1 Reagents 

Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L of glucose and L-glutamine 

without sodium pyruvate, 100X antibiotics with 10000 units/mL of penicillin G sodium 

and streptomycin sulphate and 25μg/mL amphotericin B (fungizone) in 85% saline, 1X 

phosphate buffered saline (PBS) pH 7.4 without calcium chloride and magnesium 

chloride, 10X Trypsin-EDTA (0.5% trypsin with EDTA 4Na), trypan blue and the 

Live/Dead™ viability/cytotoxicity kit for mammalian cells were purchased from 

Invitrogen (Canada).  Sodium bicarbonate, L-ascorbic acid and fetal bovine serum (FBS) 

(Canadian origin) were obtained from Sigma-Aldrich (Canada).  Collagenase A (from 

Clostridium histolyticum, 0.228 units/mg lyophilized) was obtained from Roche 

Diagnostics (Germany).  100% ethanol was obtained from Botterell Stores at Queen’s 

University.  All culture media and regents were sterile filtered using Nalgene Supor Mach 

V filtration flasks with a PES 0.2 μm membrane prior to use.  Polyclonal rabbit anti-

bovine collagen type I was obtained from Biodesign Inc. (USA) and collagen type III 

from Karlan (USA).  Both antibodies were received as a lyophilized powder and 

reconstituted in 0.5 mL of ddH2O.  10 μL of each antibody were aliquot into 0.5 mL 

Eppendorf tubes and stored at -70°C for later use.  Fluorescein isothiocyanate (FITC) and 

Texas Red conjugated goat secondary anti-rabbit antibodies, normal goat serum and 

vectashield™ aqueous mounting medium with 4,6-diamidino-2-phenylindole (DAPI) 

were obtained from Vector Labs, Canada.  A 4 wt% paraformaldehyde solution, 

Picrosirius Red stain (0.5 g Sirius red, 500 mL aqueous saturated picric acid solution) and 
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0.5% v/v aqueous glacial acetic acid were obtained and used as received from the 

Department of Anatomy and Cell Biology at Queen’s University. 

 

4.3.2 Cell Preparation 

The lower metacarpal joints from ~18 month old cows were obtained from Brian Quinn’s 

Meats (Yarker, ON.) the day of dissection.  Legs were cleaned and then submerged in 

70% ethanol for 1 hr to sterilize the outer surface.  The central ligament from the lower 

metacarpal joint was dissected under sterile conditions in a laminar flow hood.  The 

ligament section was first placed in a 10X antibiotic/DMEM solution and trimmed of all 

adipose tissue.  The trimmed ligament was then transferred to a 0.25% collagenase 

/DMEM solution and minced using surgical scissors into < 2 mm pieces in a 10 cm Petri 

dish.  The digest solution was then placed in an incubator (5% CO2 and 37°C with 95% 

relative humidity) for ~36 hrs with mixing twice a day to aid in digestion.  After the 

digestion was complete, the cell digest solution was filtered with a stainless steel cell 

dissociation sieve with a 140 μm pore opening (Sigma, Canada) to remove large 

undigested tissue pieces.  The cell suspensions were centrifuged at 800 g for 8 min.  

Media was aspirated and the cells were resuspended in fresh DMEM.  On the third 

centrifugation cycle, the cells were counted using a trypan blue dye exclusion assay.  

Passaged cells (in 75 cm2 flasks) were used in all preliminary cytotoxicity studies 

whereas primary (unpassaged) cells were used in the biomimetic scaffold studies.  To 

culture the cells, the cell pellet obtained from the ligament digest was resuspended in 

DMEM containing 5% FBS to a concentration of 5x105 cells/3mL media.  To facilitate 

cell attachment to the surface of the flask a low seeding volume (3 mL) was used.  Once a 
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sufficient number of the cells had attached (2-3 days), the flask was topped up with 12 

mL for a total volume of 15 mL.  The flasks were fed every 2-3 days until the cells 

reached confluence (80-90% coverage).  To passage the cells, the media was aspirated 

and the culture surface was trypsinized using 3 mL of a 0.5% Trypsin/EDTA solution for 

~5 mins.  After the cells were completely lifted off the culture surface, the trypsin/cell 

solution was neutralized using 3mL DMEM.  The flasks were then rinsed with DMEM to 

remove any additional cells and added to the rest of the cell suspension.  The cell solution 

was centrifuged and a similar washing/spinning protocol described previously was used.  

 

4.3.3 Culturing 

A cell attachment assay (n=5) was performed on the 1.5 hrs 0.5 M NaOH base-etched 

PCLDLLA thin films to determine the effect of the modified surface on cell behavior.  

First passage (P1) cells were used for this study.  Thin films (original and base-etched) 

were placed in 24-well culture plates (Costar) and pre-wetted with 5% FBS/DMEM 

culture media.  The tissue culture polystyrene (TCP) surfaces were used as a control.  A 

low volume (20 μL) of a high cell density solution (750 cells/μL) was used to ensure that 

the cells attached to the surfaces in an even manner.  This solution was pipetted onto the 

thin films and control surface followed by a 30 min cell attachment period.  After 

seeding, the wells were then topped up to 2 mL with 5% FBS/DMEM culture media.  

Media was changed every 2-3 days.  Cells were cultured for 2 weeks or until the TCP 

surface became confluent.  A Live/Dead™ assay was performed on the cultures to 

determine cell viability as well as to help visualize the number of cells attached to the 

thin films and their morphologies. 
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A nutrient deprivation study (n=3) was conducted since the long crosslinking times (4-6 

hrs) of some of the gelation systems, could deprive the cells of nutrients.  P1 cells were 

cultured until confluent after which the culture media was replaced with 1X PBS for the 

appropriate time.  Viability was assessed using a Live/Dead™ assay.   

 

Another assay was conducted to determine cytocompatibility of the hydrogel materials as 

well as the viability of the cells encapsulated in the hydrogels after the gelation process 

(n=3).  Confluent cells were cultured with the individual hydrogel components in the 

culture media for 24 hours to examine any possible adverse affects on the cells.  If any 

toxic effects were detected from these exposure tests then culture work with the gelation 

system was not conducted.  To determine if the gelation process and hydrogels were 

cytocompatible, cell viability was analysed after a 24 hr culture period.  For the hydrogel 

viability testing passaged fibroblasts (P1) were used at a seeding density of 6x105 cells 

per gel.   

 

To manufacture the biomimetic scaffolds, strips from the mat (sections between each 

parallel wire on the collecting mandrel ~2-3 cm in length) were cut to the width of the 

Teflon mold (~ 4 mm) and base-etched.  Approximately 4mg of the base-etched 

PCLDLLA fibre strips (2-3 strips/4 mg) were sterilized using UV light in a laminar flow 

hood for 30 min on each side prior to use in the scaffolds.  The base-etched strips were 

then individually folded into thirds at 1/3 and 2/3 the length of the strip.  The same 

materials and gelation procedures were used for the biomimetic scaffold as in the 

photoinitiated hydrogel work in the previous section (§4.2.3).  To make the cell seeding 
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gel solution, a 1 mL stock solution was prepared by mixing 880 μL of 3.4 wt% M-GC 

(lyophilized and autoclaved) in 1X PBS with 20 μL of the I2959 and vortexed.  The 

primary ligament cell pellet was re-suspended in 120 μL 1X PBS at a cell density of 8000 

cells/μL (4x105 cell/construct) and then added to the M-GC/I2959 solution and gently 

mixed to disperse the cells using a 1000 μL pipette.  A 50 μL aliquot of the stock cell 

solution was used for each biomimetic scaffold.  To seed the biomimetic scaffold a 

fraction of the cell solution was added to the Teflon™ mold (Figure 18) along with a 

single PCLDLLA fibre strip.  This process was continued for each scaffold until all of the 

cell solution and fibre strips were used.  Due to the hydrophobic nature of the dried base-

etched PCLDLLA fibres, each mat had to be tamped down with a syringe needle until 

completely wetted.  After all the fibres were wetted with the cell seeding gel solution, the 

construct was photocrosslinked and then immediately removed from the Teflon™ mold 

and placed into the culture media.  A gel-only control was prepared with the same 

volume of cell seeding gel solution but without the PCLDLLA fibres.  A PCLDLLA 

fibre-only control was also prepared using a conventional cell seeding method with the 

same number of cells as the other scaffolds.  To seed the fibre-only scaffold, a low 

volume and high cell density seeding solution was used (4x105 cells/20 μL).  Half of the 

seeding solution was added to each side with a 30 min incubation time per side.  After the 

initial seeding was completed, the total volume of culture media was added to the well.    

In total, 27 constructs were made with three samples for each of the fibre-only, gel-only 

and fibre-gel scaffolds and for each of the three time points studied (1, 2 and 4 weeks).  

Cells were cultured in 800 μL of 5% FBS in DMEM supplemented with 25 ug/mL L-

ascorbic acid and 1X antibiotics.  Ascorbic acid is an important factor in the production 
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of collagen by fibroblasts160,161,162.  Biomimetic scaffolds and controls were cultured for 

1, 2 and 4 weeks with media changes every 2-3 days. 

 

4.3.4 Analysis 

To visually investigate cell viability, a Live/Dead™ assay was used.  The kit is a two 

colour fluorescence assay consisting of calcein AM and ethidium homodimer-1 (EthD-1).  

Live cells take up and convert calcein AM to calcein via esterase.  Calcein produces a 

green fluorescence with excitation and emission intensities of 494 and 517 nm, 

respectively.   EthD-1 enters through the damaged membrane of dead (or dying) cells and 

produces a 40 times amplification of fluorescence in the red region upon binding to 

nucleic acid (495 nm excitation and 635 nm emission).  Both dyes do not fluoresce unless 

they interact with cells.  A working solution of 4 μM EthD-1 and 2 μM calcein AM in 1X 

PBS was prepared 2-3 hours before imaging.  Samples in 48 well plates were incubated 

with 800 μL of the working solution and incubated on an orbital shaker for 45 min – 1 hr 

at room temperature to ensure sufficient staining.  

 

To calculate the ratio of live/dead cells (viability) in the hydrogels, a 9 x 9 grid was 

placed on the red/green channel overlay picture.  Four of the 9 grids were randomly 

chosen and counted for the number of live and dead cells.  The number of live cells was 

then divided by the total number of cells to determine the percent cell viability. 

 

To observe and characterize the tissue being produced in the scaffolds 

immunohistochemistry (IHC) of fresh frozen sections was used.  To prepare the cultured 
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scaffolds for embedding in the CryoMatrix™ (Thermo Shandon) medium, the culture 

media was aspirated and scaffolds were rinsed in 1X PBS.  An aluminum foil mold was 

constructed and partially filled with CryoMatrix and placed in a methanol bath cooled 

with dry ice until it was partially frozen.  The sample was positioned in the unfrozen 

matrix close to the bottom of the mold and then placed back into the methanol bath until 

completely frozen.  The frozen samples were sent to the Department of Anatomy and Cell 

Biology for cryo-sectioning.  Sections 10-20 μm thick were cut on a cryostat at -25°C 

and mounted on Superfrost Plus™ slides (Fisherbrand).  Slides were stored in a -20°C 

freezer until needed. 

 

For IHC staining, the slides were taken out of the freezer and allowed to warm up to 

room temperature for 30 min - 1 hr.  Sections on the same slide were isolated from each 

other using a diamond etching pen and hydrophobic grease marker to prevent mixing of 

staining solutions during incubations.  Slides were rinsed in 1X PBS twice for 5 min 

each.  Sections were blocked with a 1.5% v/v normal goat blocking serum in 1X PBS for 

30 min.  After blotting off the excess goat serum, sections were incubated for 3 hrs with 

their respective primary antibodies at a 1:100 dilutions in goat serum.  Slides were rinsed 

twice with 1X PBS for 5 min each.  Incubation with secondary antibodies was performed 

in the dark to prevent photobleaching of the fluorescent secondary antibodies.  Secondary 

antibodies were incubated for 30 min at a 1:100 dilution in goat serum.  A FITC labelled 

(495 nm excitation, 515 nm emission) secondary antibody was used for collagen type I 

and a Texas Red labelled (595 nm excitation, 615 nm emission) secondary antibody was 

used for collagen type III.  Sections were then rinsed 3 times in 1X PBS for 5 min each.  
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Sections were coverslipped using Vectashield aqueous mounting media with DAPI (360 

nm excitation, 460 nm emission) to stain the cell nuclei and then sealed with clear nail 

polish to prevent the sections from drying out.  Negative controls were performed on the 

cyro-sections where the primary antibodies were replaced with goat serum.  Sections of 

an acellular biomimetic scaffold were stained using the normal IHC procedure.      

 

Histological Picrosirius Red staining was performed on native ligament sections to 

visualize the structure of the collagen fibrils.  Intra-synovial bovine ligaments were 

dissected from the metacarpal joint above the hoof.  The ligaments were trimmed of 

excess adipose tissue and fixed in 4 wt% paraformaldehyde solution for 1 week to ensure 

complete fixation.  The fixed ligaments were washed 2-3 times with 1X PBS and stored 

in 70% ethanol.  The fixed ligaments were then sent to the Department of Pathology in 

the Kingston General Hospital for paraffin embedding and sectioning (5-10 μm).  The 

paraffin embedded sections were de-waxed by putting the slides through a series of 

toluene, ethanol (100%, 80% and 70%), and water washes 2X each for 5 min.  The de-

waxed slides were incubated in the Picrosirius Red stain for 1 hr at room temperature.  

The slides were then washed in 0.5% v/v aqueous acetic acid.  Finally the slides were 

dehydrated by using the same de-waxing solutions but in the reverse order and 

coverslipped. 

 

IHC and Live/Dead™ assay images were taken using a Leica TCS SP2 multi-photon 

confocal inverted microscope with Leica Image Pro Plus software.  Images were 

processed using Leica Lite confocal software.  An Axioplan 2 Imaging fluorescent 
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microscope equipped with an Axiocam High Resolution monochrome camera was used 

to capture additional images of the FITC, Texas Red and DAPI stained frozen IHC slides.  

Images were analyzed and modified using Axiovision LE version 4.5.0.0 software.  A 

Nikon Eclipse E800 light microscope and digital camera with QCapture (verion 2.56) 

was used to capture images of the Picrosirius Red stained slides.  Images were later 

enhanced using Microsoft Photo Editor. 

 

4.4 Data Analysis 

Unless otherwise noted, analysis techniques were only completed once.  All quantitative 

results were averaged and are reported with a standard mean error value.  No statistical 

analyses were completed on these results. 
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Chapter 5. Results & Discussion 

5.1 Fibres 

5.1.1 Electrospinning of Chitosan 

Using the conventional electrospinning setup, the investigation of the chitosan and 

aqueous acetic acid electrospinning system started with a 1 wt% low molecular weight 

chitosan and a 1% v/v acetic acid solution.  Appropriate changes were made based on 

these initial findings.  A 1M NaOH bath was used to assist in producing fibres by 

precipitating them in solution due to the low volatility of the aqueous solvent.  Without 

the precipitation bath only a chitosan solution was collected after electrospinning.  

Results indicated that the 1 wt% chitosan precipitate that was formed in the bath was not 

very fibrous in nature and was unable to remain intact during collection.  Interactions of 

the chitosan molecules in solutions lower than 1 wt% were most likely not high enough 

which reduced the cohesiveness of the solution and led to a fine droplet spray from the 

needle tip to the collecting plate.  Therefore, it was determined that the initial 1 wt% low 

molecular weight chitosan solution was below the minimum electrospinning weight 

percent.  

 

The weight percent of chitosan was increased to overcome this problem.  However, once 

the weight percent of chitosan was increased past 2 wt% the solution became too viscous 

resulting in an inconsistent electrospinning process.  These inconsistencies were indicated 

by elongated droplets from the Taylor cone to the collecting plate.  The high viscosity of 

chitosan observed in the aqueous acidic environment was a result of the positive free 

amino groups along the polymer backbone.  These repulsive charges caused the chitosan 
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molecule to form a rod like conformation in solution leading to higher chitosan chain 

entanglements that increased the solution viscosity92,156.  This high viscosity effect was 

noticeable with low molecular weight chitosan from 2 – 6 wt%, which made it difficult 

for the electric field to pull fibres from the Taylor cone.  From the results it appeared that 

before a minimum electrospinning weight percent could be reached, high viscosity effects 

made the chitosan solutions unspinnable by conventional methods.     

 

To overcome this viscosity effect, pH adjustments to the solution were attempted to de-

protonate the positively charge amino groups and thereby reduce the repulsive charges 

along the chitosan backbone.  Solutions of chitosan were adjusted with 1 M NaOH until 

the onset of precipitation, which was found to be at pH 5.5.  However, only solutions up 

to 1 wt% chitosan (low molecular weight) were able to be pH-adjusted since higher 

weight percent solutions resulted in localized precipitation.  Adjustments to the pH could 

be made to higher weight percent chitosan solutions by using a less concentrated NaOH 

solution but, a large volume was required to adjust the pH.  The large increase in volume 

greatly reduced the weight percent of the solution leading to electrospinning problems 

previously mentioned.  Therefore, pH adjustment of higher weight percent chitosan 

solutions in an attempt to reduce their viscosity was unsuccessful.  

 

A heated co-axial air flow electrospinning method93 was also used to decrease the 

viscosity of the previously unspinnable high weight percent chitosan solutions.  

Increasing the temperature of these solutions would increase the molecular interactions 

and reduce the inter-molecular cohesive forces, which, in theory, should help with their 
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electrospinning ability.  This theory was confirmed from the results.  With the aid of the 

heated co-axial air flow and 1 M NaOH precipitation bath, fibres were electrospun using 

3.6, 3.8 and 4.0 wt% low molecular weight chitosan solutions with average fibre 

diameters of 94±7, 117±6 and 112±10 μm, respectively (n=50) (Figure 19).  Diameter 

distributions for these fibres are shown in Figure 20.   

 

 

Figure 19:  Brightfield images of electrospun low molecular weight chitosan with 1% v/v acetic 
acid in 1M NaOH precipitation bath 
40x Magnification with 400 μm scale bar, A – 3.6 wt% low molecular weight chitosan, B – 
3.8wt% low molecular weight chitosan and C – 4 wt% low molecular weight chitosan. 

 

A 
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Figure 20:  Low molecular weight chitosan in 1% v/v acetic acid electrospun fibre diameter 
distribution 
Data was taken from a set of n=50 

 

 

To reduce the fibre diameters, a small amount of high molecular weight chitosan was 

mixed with the low molecular weight chitosan.  It was hypothesized that the high 

molecular weight chitosan would become the main structural molecule in the solution and 

the low molecular weight chitosan would act as filler.  The main purpose of the low 

molecular weight filler was to increase the weight percent of the solution without greatly 

increasing its viscosity.  To study this effect, a range of 4 wt% high to low molecular 

weight chitosan solutions (0.15, 7.5, 15 and 30 %, mass basis) were electrospun and 

compared to the 4 wt% low molecular weight chitosan previously mentioned (112±10 

μm).  Brightfield images of the electropun high/low molecular weight chitosan fibres are 

shown in Figure 21.  The diameter results are shown in Table 5 along with the diameter 

distributions given in Figure 22.     
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Figure 21:  Brightfield images of electrospun high/low molecular weight chitosan blends with 1% 
v/v acetic acid in 1M NaOH precipitation bath 
200x Magnification with 100μm scale bar, A – 0.15/99.85 High/Low ratio, B – 7.5/92.5 High/Low 
ratio, C – 15/85 High/Low ratio and D – 30/70 High/Low ratio. 

 

 

Table 5:  Average diameters for high:low chitosan fibres 

High / Low Chitosan 
Mass Ratio Average Fibre Diameter in microns (n=57) 

0.15 / 99.85 81±6 
7.5 / 92.5 54±5 
15 / 85 85±7 
30 / 70 115±8 (n=25) 

 

A 
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Figure 22:  High/Low molecular weight (H/L MW) chitosan blends with 1% v/v acetic acid 
electrospun fibre diameter distributions 
Data was taken from a set of n=57 (*n=25).  

 

 

The results indicated that even at a low 0.15% of the high molecular weight chitosan, 

average fibre diameters were reduced when compared to the low molecular weight 

chitosan fibres.  Fibre diameters were further reduced with the increase of high molecular 

weight component to 7.5%.  However, an increase to 30% high molecular weight 

chitosan increased the fibre diameters to similar dimensions as the low molecular weight 

chitosan fibres.  It seemed that high molecular weight chitosan below 30% was beneficial 

in reducing the fibre diameters of the 4 wt% low molecular weight chitosan solution.  

However, all the chitosan fibres electrospun under these conditions were well above the 

sub-cellular dimensions that were being sought (i.e. < 10 μm).  Compared to these 

results, more consistent and continuous fibres with diameters of 20-40 μm can be 

produced using the wet spinning technique163,164.  In addition, the low and high/low 

molecular weight chitosan fibres had poor mechanical properties after being dried.  These 
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fibres were too brittle for use in a tissue engineering scaffold.  Therefore, it was 

determined that electrospinning was not an ideal method to produce chitosan fibres using 

aqueous acetic acid as the solvent. 

 

Recently, several reports were published stating that a variety of chitosan solutions were 

used to electrospin chitosan fibres with sub-cellular dimensions.  For example, 

poly(ethylene oxide) (PEO) was used to aid in the electrospinning process of chitosan 

dissolved in dilute aqueous acetic acid104,165,166.  PEO reportedly masked the positive 

charges on the backbone of chitosan through hydrogen bonding, thereby reducing the 

solution viscosity and making it spinable104.  However, attempts to reproduce their results 

were unsuccessful, despite seeking assistance from the authors.  Experiments were also 

conducted using a 7 wt% medium molecular weight chitosan in 90% aqueous acetic acid 

solution, which was also reported to have been successful101.  However, the high 

viscosity of the spinning solution interfered with the electrospinning process and fibres 

could not be electrospun under these conditions.  A study by Desbrieres167 found that 

medium molecular weight chitosan in aqueous acetic acid solutions would become gel-

like at concentrations between 4.0 – 4.5 wt%.  This phenomenon could be a possible 

explanation for the poor results that were obtained from this approach.  Another method 

suggested electrospinning chitin in hexafluoroisopropanol and afterwards de-acetylating 

the chitin fibres into chitosan168.  However, the majority of the fibre morphology was lost 

during the de-acetylation process which decreased the usability of these fibres for tissue 

engineering applications.  Therefore this method was not pursued further.  In spite of the 
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previous failures, chitosan fibres were able to be reproduced using 6-8 wt% medium 

molecular weight chitosan in a 70:30 TFA:DCM solvent102.   

 

Similar solutions of 4, 6 and 8 wt% air dried low molecular weight chitosan were 

prepared in a 70:30 volume ratio of TFA to DCM.  It was observed that the air dried 

chitosan required approximately 3 days to completely dissolve in the TFA:DCM solvent 

due to its very crystalline structure.  However, chitosan dissolved in this solvent had 

solution properties that appeared promising for electrospinning since the solutions were 

not as viscous, yet more cohesive, than their aqueous-based counterparts.  These 

improved solution conditions were observed in the 6 and 8 wt% solutions, which were 

able to electrospin fibres.  The 6 and 8 wt% fibre mats were thick enough to be handled 

and were composed of individual fibres well within the sub-cellular diameter range.  

However, the 4 wt% chitosan/TFA:DCM solution was only able to produce droplets on 

the collecting mat.  These results (Figure 23) possibly indicated that a minimum 

electrospinning weight percentage for the chitosan/TFA:DCM system was between 4 – 6 

wt%.  Figure 24 and Table 6 summarizes the average fibre diameters and their respective 

distributions for different conditions that were able to spin fibres.   
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Figure 23:  SEM images of electrospun low molecular weight chitosan with 70:30 TFA:DCM 
10μm scale bar,  A – chitosan spun at 6 wt% and 10 cm air gap, B – chitosan spun at 8 wt% at 6 
cm 

 

Table 6:  Average diameters of electrospun chitosan in 70:30 TFA:DCM 

Electrospinning Conditions Average Fibre Diameter (nm), n=100 
Air dried low molecular weight 6 wt%, 4% solution flow 

rate, 10 cm air gap, 20 kV 165±17 

Air dried low molecular weight 6 wt%, 10% solution 
flow rate, 15 cm air gap, 20 kV 361±34 

Air dried low molecular weight  8 wt%, < 10% solution 
flow rate, 6 cm air gap, 15-20 kV 218±26 

Lyophilized medium molecular weight 8 wt%, 4% 
solution flow rate, 7-15cm air gap, 20-25 kV 

188±10 (avg. from 133-243hrs) 
(330 avg, range between 210-650)102 

B 

A 

C 
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Figure 24:  Low and medium molecular weight chitosan with 70:30 TFA:DCM electrospun fibre 
diameter distributions 

 

 

The chitosan fibres produced from the 6 and 8 wt% solutions appeared suitable for use in 

the scaffold.  However, during preparation of these fibres for cell culture they were found 

to dissolve in aqueous media (water and 70% ethanol).  Moreover, the 

chitosan/TFA:DCM solutions were observed to rapidly change colour from yellow to a 

dark brown and dramatically decrease in viscosity.  It was hypothesized that the 

molecular weight of chitosan was being reduced from the exposure to the acidic TFA 

(pKa = 0.23)169 solvent.  Therefore, the molecular weight was most likely degraded to 

such a degree that the dried chitosan fibres actually became soluble in neutral aqueous 

media.  This was quite possible since concentrated acetic acid170, hydrochloric acid171 and 

nitric acid172 have been use to fractionate chitosan.   
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To reduce the extent of chitosan degradation before it was electrospun and its solubility 

in aqueous media after spinning, a reduction in the dissolving time was required.  A 

reduction in the time to dissolve chitosan was accomplished by increasing the porosity of 

the air dried chitosan.  To increase the porosity of the dried chitosan material, chitosan 

solutions were lyophilized.  A 6 wt% solution of the lyophilized low molecular weight 

chitosan was able to dissolve in TFA within 2.5 hrs.  To confirm that the molecular 

weight of chitosan was being degraded, a viscosity versus time study of this solution was 

conducted.  The results of this study confirmed that the chitosan was degraded 

immediately after being dissolved in the TFA:DCM solvent (Figure 25). 
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Figure 25:  Low molecular weight chitosan and 70:30 TFA:DCM degradation study 
6 wt% purified and lyophilized low molecular weight chitosan in 70:30 TFA:DCM solvent, 
viscosity was measured on a capillary viscometer and time was considered proportional to 
molecular weight of chitosan 
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An electrospinning experiment with respect to time was also conducted to determine 

when, and at relatively what molecular weight, the chitosan fibres were being spun.  

However, the 6 wt% lyophilized chitosan solution was unable to produce electrospun 

fibres during the 5 day experiment.   

 

From the chitosan/TFA:DCM results, it was hypothesized that the 3 days required to 

dissolve the air dried chitosan resulted in a broader molecular weight distribution than the 

rapidly dissolved lyophilized chitosan.  This was due to the fact that air dried chitosan 

was being dissolved and degraded in the TFA solvent at the same time.  If all the chitosan 

had dissolved at the same time, as with the lypholized chitosan, then a narrower 

molecular weight distribution would be obtained.  However, with the longer dissolving 

air dried chitosan the earliest dissolved chitosan would be severely degraded by the time 

the final mass of chitosan was dissolved.  It appeared that the broader molecular weight 

distribution was beneficial to this electrospinning process, which was similar to earlier 

findings with the high/low molecular weight blends of chitosan in aqueous acetic acid.  

The effect of this molecular weight distribution on the electrospun fibres was evident 

from the large diameter distributions observed in the SEM images (Figure 23).  These 

images show separate, larger fibres with consistent diameters in the sub-micron range 

along with a connected nanofibrous network between them.   

 

In an attempt to improve the spinnability of the lyophilized chitosan solution, an 8 wt% 

lyophilized medium molecular weight chitosan solution was used.  Ideally, the higher 

weight percent would allow fibres to be spun and the higher molecular weight would 
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prevent the fibres from dissolving in aqueous media.  Therefore, another electrospinning 

versus time experiment was conducted after dissolving the chitosan for approximately 3.5 

hours.  It was found that more uniform chitosan fibres could be electrospun after 122hrs 

right up until the end of the experiment (243 hrs) (Figure 26a).  However, if this solution 

followed similar degradation behaviour to the 6 wt% low molecular weight chitosan in 

TFA solution (Figure 25) then by 122 hrs the majority of the chitosan would have been 

severely degraded.  This theory was confirmed by the fact that the medium molecular 

weight electrospun chitosan fibres could still be dissolved in aqueous media.   

 

 

Figure 26:  Lyophilized medium molecular weight chitosan with 70:30 TFA:DCM electrospun 
fibres 
10μm scale bar, representative image at 169hrs, A – 8 wt% medium molecular weight chitosan, B 
– 8 wt% medium molecular weight chitosan after 1 M NaOH rinse (completely dissolved without 
base treatment) 

 

 

To prevent the degraded chitosan fibres from dissolving in aqueous media, a 1 M NaOH 

solution was used to precipitate the chitosan by bringing the washing media up past its 

pKa (6.5)156.  Using this pre-treatment method, the fibres did not completely dissolve after 

rinsing in aqueous media.  However, the chitosan in the fibres was degraded to such a 

A B
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degree that even with a NaOH pre-treatment a fibrous morphology was not maintained 

(Figure 26).  The loss of fibre morphology and inter-fibre spacing was not an ideal 

property for use in the biomimetic ligament scaffold.  Therefore, the PCLDLLA 

copolymer was investigated for producing the fibres of the scaffold. 

 

5.1.2 PCLDLLA copolymer 

5.1.2.1 Electrospinning 

Initially, a Tg close to or below physiological temperature (37°C) was chosen for the 

PCLDLLA copolymer.  Ideally, having a Tg near or below 37°C should make the fibres 

flexible enough for manipulation during the electrospining process (room temperature) 

and tissue culture work (37°C).  Therefore, two copolymer compositions were 

investigated: one near 37°C and one below (adjusted using a higher CL content).  For a 

Tg of 37°C, Equation 1 determined that a 10:90 CL:DLLA mass ratio was required.  For a 

copolymer with a Tg less then 37°C, a 40:60 copolymer was chosen since it had the 

lowest Tg out of the of other copolymers that were synthesized, which did not flow at 

room temperature.   

 

DSC analysis of the methanol purified 10:90 and 40:60 copolymers revealed a Tg of 44°C 

and 11°C, respectively (Table 7).  For the 10:90 copolymer, the actual CL:DLLA ratio 

calculated from the 1H NMR spectra (using peak assignments from Figure 27) was 5:95, 

which explained the higher then expected Tg value.  From Equation 1, the 5:95 ratio 

resulted in a Tg of 46°C, which was very similar to the experimental value obtained from 

the DSC thermogram.  The 40:60 copolymer had a 34:66 CL:DLLA ratio calculated from 
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the 1H NMR spectra.  The difference in the CL:DLLA ratio for the 40:60 polymer was 

not of great concern due to the much lower Tg value. 

 

 

Figure 27:  1H NMR of PCLDLLA polymer to determine peak assignment 
Ratios were calculated using peak integrations for 6, 8 (DLLA) and 5 (CL).  

 

 

The 10:90 and 40:60 copolymers were electrospun in dichloromethane (DCM) to 

determine their fibre properties.  A minimum electrospinning weight percent for the 

PCLDLLA copolymer occurred around 10 wt%.  Optimum spinning conditions for this 

system were found between 20-35 wt%.  However, the evaporation rate of DCM was 

found to be too high, which resulted in discontinuous fibre production and bead-on-fibre 
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defects.  Therefore, DMF was added as a co-solvent to improve the spinning 

properties103,105,106 of the PCLDLLA copolymer and DCM solutions.  Further testing 

determined that a 35 wt% PCLDLLA solution with a 75:25 volume ratio of DCM:DMF 

solvent was ideal for producing continuous and defect free fibres.  However, the fibres 

were not completely dry when collected due to the higher boiling point of DMF (153°C).  

DMF resulted in slightly wet fibres that would flow and stick to the surface of the 

collecting mat making it difficult to remove.  To rectify this problem, a rotating wire 

mandrel was utilized.  The mandrel acted as an infinite air gap that allowed the fibres to 

further dry without sticking to a planar surface.  In addition to drying the fibres, the 

mandrel allowed for the collection of aligned fibres. 

 

The 10:90 copolymer electrospun fibres were found to be too brittle after collection from 

the mandrel.  Investigation of the electrospun 40:60 copolymer found that these fibres 

completely collapsed (no rigidity in the fibres) after removal from the mandrel and had 

flowed during long periods of storage (~1 month).  From these results, it was determined 

that both the 10:90 and 40:60 copolymers did not have ideal properties for use in the 

biomimetic scaffold.  Therefore, further modification to the copolymer was required to 

obtain a Tg close to 37°C.   
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Table 7:  Physical properties of all CL:DLLA copolymers used  

Copolymers CL:DLLA Ratio 
(NMR) 

Molecular Weight  
(Mn, kDa) Polydispersity Tg (°C)

10:90 8:92 27 RI 1.5 RI 33
10:90 (purified) 5:95 24 RI / 17 LS 1.4 RI / 1.2 LS 44
40:60 - - - -2
40:60 (purified) 34:66 53 RI / 45 LS 1.84 RI / 1.49 LS 11
20:80 (purified)       16:84 52 RI / 44 LS 1.8 RI / 1.5 LS 36
20:80 blend          
(solvent)

- - - 43

20:80 blend          
(high temperature)

14:86 29 RI / 19 LS 1.9 RI / 1.8 LS 37
 

 

However, it was determined that the copolymerization was not going to completion since 

methanol purification removed most of the lower molecular weight impurities/monomers.  

Furthermore, viscosity limitations of the copolymerization system resulted in a wide 

variety of number averaged molecular weights for similar reactions.  The combination of 

these limitations made it difficult to produce a copolymer with a desired Tg based on its 

theoretical CL:DLLA ratio.  Therefore, to generate a PCLDLLA polymer with a Tg near 

37°C, blending of the 10:90 and 40:60 copolymers was utilized.  These purified 

copolymers had defined physical properties and if miscible would only require 

adjustment to their blends to produce the desired Tg.  From Equation 1, and through 

additional experiments, it was determined that a 70:30 mass ratio of 10:90 to 40:60 

copolymers was required to obtain a final Tg close to 37°C.  However, DCM solvent 

blending resulted in an immiscible blend since a major Tg at 41°C and a broad transition 

from 10-30°C was observed in the DSC graph (Figure 28).  Alternatively, the two 

copolymers were blended using high temperatures (~140°C) for 4-5 hrs to form a single 

Tg of 37°C. 
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Figure 28:  DSC versus temperature of 20:80 CL:DLLA polymers 
20:80 copolymer (A) and 20:80 blends –high temperature blend (B) and solvent blend (C) 

 

 

The 20:80 blended polymer, electrospun at the same conditions as the 10:90 and 40:60 

copolymers, resulted in flexible fibres after removal from the mandrel.  The electrospun 

fibres had an average diameter of 2.1±0.1 μm along with a fibre diameter distribution 

shown in Figure 29.  The majority of the fibres were in the 0.8 – 1.3 μm range, which 

was important since one of the design criteria of the scaffold was to have fibres of sub-

cellular dimensions (~ 10 μm).  
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Figure 29:  Electrospun PCLDLLA fibre diameter distribution 
Data was taken from a set of n=100 

 

 

The calculated density of 1.22g/cm3 was used to find the cross sectional area for each 

fibre mat using the respective gauge length.  The averaged stress-strain curve for the fibre 

mats are shown below in Figure 30.  The number of fibres in each mat was calculated by 

a weighted average based on the fibre diameter distribution to then calculate an individual 

fibre stress-strain curve (Figure 31). 
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Figure 30:  Averaged true stress-strain curve for PCLDLLA electrospun fibre mats 
 Data was compiled using an n=4 
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Figure 31:  Averaged individual fibre true stress-strain curve 
Average calculated using a weighted diameter distribution and an n=4 
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From the stress-strain curves it was observed that the behaviour of the mats and 

individual fibres did not resemble that of the native ligament.  However, the goal of this 

thesis was not to produce fibres to mimic the function of the collagen fibrils but, to mimic 

the collagen fibrils in structure and dimension.  The stress-strain curves were only 

calculated to obtain a better understanding of the mechanical properties of the fibres.  

This data could then be used to calculate important design information if the fibres were 

to be used in a mechanically loaded situation.   

 

5.1.2.2 Fibre Crimp 

The electrospun 20:80 blended polymer fibres were aligned and collected in tension due 

to the design of the wire mandrel.  Once the aligned fibres were removed from the 

mandrel, the fibres generated a crimped configuration/pattern.  These compressive forces 

that were generated in the individual electrospun fibres were measured and are shown 

below in Figure 32.   
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Figure 32:  Generated stress over time in a single PCLDLLA fibre 
Average calculated based a weighted diameter distribution 
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Figure 33:  Electrospun 20:80 blend PCLDLLA fibres aligned and with crimp pattern 
100 μm scale bar, A – aligned blended fibres collected in tension from the mandrel and B – 
blended fibres after base etching in 0.5 M NaOH (dried) 

 

 

The production of the crimp pattern was accelerated and enhanced during the aqueous 

base-etching process (Figure 33).  Further experiments revealed that this acceleration 

effect was most likely due to the hydrophobic nature of the fibres.  Fibres that were tested 

with the same etching protocol but with water in place of the NaOH solution produced a 

similar crimp pattern to the base-etched fibres (Figure 34). 

 

 

Figure 34:  SEM images of crimped and dried electrospun 20:80 blend PCLDLLA fibres 
500 μm scale bar, A – water control and B – 15 min base etch in 0.5M NaOH 
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The crimp parameters of the electrospun 20:80 blended polymer fibres was found to be 

very similar to the crimp parameters found in the native ligament (Table 8).  Figure 35 

compares the dimensions of the crimp in the Picrosirius Red stained bovine ligament and 

the crimped PCLDLLA electrospun fibres.   

 

Table 8:  Comparison of crimp wavelength and amplitude values 

Source Crimp 
Wavelength (μm) Crimp Amplitude (μm) 

Amiel et al.1 45-60 5-10 
Native Bovine Ligament (n=50) 51± 1 - 
20:80 Blended Fibres (n=100) 55±3 10±1 

20:80 Copolymer Fibres (n=100) 151±6 23±1 
 

 

 

Figure 35:  Comparison of native ligament and crimped 20:80 blend PCLDLLA fibres 
100 μm scale bar, A – native bovine ligament stained with Picrosirius Red and B – 0.5 M NaOH 
base-etched blended fibres (dried) 

 

 

To understand why the fibers were crimping, additional experiments were conducted on 

the 20:80 blended polymer fibres.  Initially, it was thought that the mismatched physical 

A B
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properties between the 10:90 and 40:60 copolymers were the cause for the crimp 

pattern173.  However, a single Tg value indicated that these blends were completely 

miscible (Figure 28) and therefore comparable to unblended copolymers of the same 

CL:DLLA ratio.  To confirm this fact, a 20:80 copolymer was synthesized (see Table 7 

for properties) and electrospun.  After base-etching, the 20:80 copolymer also produced a 

crimp pattern (Figure 36).   

 

 

Figure 36:  20:80 copolymer - diameter distribution and image of base-etched fibres  

 

 

The newly synthesized 20:80 copolymer had a higher molecular weight compared to the 

20:80 blended polymers (Table 7).  These results, as well as the previous chitosan 

findings, indicated that molecular weight had an effect on the fibre diameters under the 
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same electrospinning conditions.  The higher molecular weight of the 20:80 copolymer 

led to an increase in the average fibre diameter to 5.0±0.2 μm.  This was an increase of 

approximately 2.5 times that of the 20:80 blended polymer fibres.  Interestingly, the 

magnitude of the crimp pattern (wavelength and amplitude, data shown in Table 8) for 

the electrospun 20:80 copolymer fibres were also approximately 2.5 times greater then 

the 20:80 blended fibres.     

 

The system examined here consisted of copolymerized phases with different material 

properties: an elastic CL component and a stiff and glassy DLLA component.  It was 

possible that the stiffer DLLA components were resisting the stress relaxation of the 

elastic CL components once the fibres were removed from the mandrel.  From the results, 

it appeared that fibre crimping was facilitated by the aqueous wetting and drying process 

of the base etching procedure.  In addition, the crimp pattern may be based on the 

CL:DLLA ratios (controlled through the copolymerization reaction or blending) and fibre 

diameter (controlled through the electrospinning process).  This knowledge could be used 

to tailor the crimp pattern for certain applications and scaffold designs for tissue 

engineering. 

   

5.1.2.3 Surface Modification 

To observe the effect of the base-etching process on the 20:80 blended polymers, the 

fibres were base-etched in 0.5 M NaOH from 5 min – 3 hrs.  Surface roughening and 

pitting were observed from the SEM pictures (Figure 37). The onset of surface roughness 

was detected at 15 min with major defects noticed at 3 hrs. 
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Figure 37:  SEM images of 0.5M NaOH base-etched electrospun 20:80 blend PCLDLLA fibres 
Images A-D (2 μm scale bar) and for images E and F (10 μm scale bar), A – original fibres, B – 5 
min, C – 15 min, D – 45 min, C – 90 min and D – 180 min 

 

 

From the SEM pictures the surfaces were obviously being altered.  In addition to the 

changes in surface roughness, reaction with the OH- ions in solution and the carboxylate 

esters present in the polymer should have produced carboxylic acid and hydroxyl 

functional groups on the surface.  1H NMR and ATR-FTIR were used to detect the 

presence of these groups on the surface of the PCLDLLA polymer.     
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Figure 38:  1H NMR spectra base-etched electrospun 20:80 blend PCLDLLA fibres to detect 
change in surface chemistry after base etching process 
A – original electrospun fibres, B – 0.5M NaOH 5min base etch, C – 0.5M NaOH 15min base 
etch, D – 0.5M NaOH 45min base etch, E – 0.5M NaOH 1.5hr base etch, F – 0.5M NaOH 3hr 
base etch.  DMSO was used as the solvent  

 

 

However, no peaks were observed in the characteristic 10-12 ppm range for carboxylic 

acid in the 1H NMR spectra for the variety of etching times tested (Figure 38).  These 

results indicated that either no functional groups or only a very small amount below the 

detection limit were generated on the polymer surface.  ATR-FTIR results on the base-

etched thin films (Figure 39) were similar to those of the 1H NMR results in that no 

changes were detected from the original thin films.  If sufficient concentrations of 

carboxylic acid and hydroxyl groups were formed on the surface, ATR-FTIR would have 

detected a fairly board peak in the 3000-3700 cm-1 range due to hydrogen bonding and 

dimer formation with the carboxylic acid groups. 
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Figure 39:  ATR-FTIR of base-etched 20:80 blend PCLDLLA thin films to determine change in 
surface chemistry 
A – Original thin film, B – 0.5 M NaOH base-etched for 30 min, C – 0.5 M NaOH base etch for 
1.5 hr and D – 1 M NaOH base etch for 1.5 hr. 

 

 

Since the base etching technique only modifies the surface127,174, the amount of functional 

groups produced is relatively small compared to the larger bulk of the material.  

Therefore, if surface functional groups were being produced on the polymer surface, it 

was possible that the 1H NMR and ATR-FTIR analysis techniques were not sensitive 

enough to detect them.  To determine if the base-etching process had enhanced the 

hydrophilicity of the polymer surface through the production of hydrophilic carboxyl and 

hydroxyl groups175, water contact angle measurements were measured.   The results 

indicated a change in contact angles between the original and base-etched PCLDLLA 

thin films.  Original thin films had a contact angle of 90±1° compared to the base-etched 

surface with a contact angle of 82±1° ( Figure 40).  These contact angles were higher than 

those found in literature for similar polymer thin films.  Ishaug-Riley et al.176 reported 
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static water contact angles of 79±3°, 78±2° and 75±1° for spin cast PDLLA, PCL and 

10:90 PCLDLLA unmodified thin films.  It was possible that the solvent evaporation 

technique was not ideal for manufacturing the most uniform thin film surfaces.  The 

roughening of the surface through the thin film manufacturing and base-etching processes 

(Figure 37) could be a reason for the higher then normal contact angles177.  However, 

regardless of the higher contact angles, a change was observed between the original and 

base-etched PCLDLLA films.  Therefore, the water contact angle results demonstrated 

that the base-etching process was most likely producing some functional groups on the 

PCLDLLA surface. 

 

 

Figure 40:  Water contact angle measurements for 20:80 blend PCLDLLA thin films 
Base etching was done with 0.5 M NaOH for 1.5 hrs, A – original and B – base-etched 
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A cell growth study was performed on the base-etched PCLDLLA thin films to visualize 

if these surface changes were beneficial to cell attachment and proliferation. The assay 

was performed on the original and base-etched 20:80 blended thin films with TCP surface 

as a control.  From the results, the original thin films showed a much lower cell density 

and a less spread out cell morphology than the base-etched thin films and TCP surface 

after two weeks in culture (Figure 41). It appeared that this combination of increased 

surface roughness and enhanced surface chemistry was advantageous for cell attachment 

and proliferation. 

 

 

Figure 41:  Cell attachment assay of original and modified 20:80 blend PCLDLLA thin films 
Representative confocal images after 2 weeks in static culture of A – control, B – Original thin 
film and C – 1.5 hr 0.5 M NaOH base-etched thin films, 200 μm scale bar 
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5.2 Hydrogels 

5.2.1 Genipin and Glycol Chitosan 

The genipin crosslinked glycol chitosan (GC) hydrogel was investigated first, since it was 

already established and shown to have acceptable viability levels after 

crosslinking142,143,146.  Experimental results indicated that genipin was able to crosslink 

GC and create a hydrogel within 2-3 hrs at 37°C.  However, the hydrogels were 

crosslinked to such an extent that they were brittle and broke apart when handled.  Mi et 

al.178 showed that chitosan crosslinked with genipin at neutral pH had the lowest degree 

of swelling when compared to hydrogels formed at pH 5, 9 and 13.6 due to the formation 

of tetramer crosslinks.  The formation of these tetramer crosslinks would explain the 

brittle properties observed for the genipin crosslinked hydrogels.  Performing the genipin 

crosslinking reaction at pH 13.6 has been shown to improve the mechanical properties of 

the chitosan hydrogel147.  However, the long gelation times at conditions other than 

physiological pH could have adverse effects on the encapsulated cells.  Therefore, the 

genipin-GC gelation system was not pursued further. 

 

5.2.2 Poly(ethylene glycol) Diacrylate and Glycol Chitosan 

The next hydrogel system investigated was the 1-4 Michael-type reaction with 700 g/mol 

poly(ethylene glycol) diacrylate (PEGD700).  The advantage of using a 1-4 Michael type 

addition system was that the reaction between the free amino group on the glycol 

chitosan backbone and the carbon-carbon double bonds on PEGD700 is spontaneous at 

room temperature.  However, hydrogels formed through a 1-4 Michael-type addition 

reaction require fairly long gelation times for complete conversion and their network 
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formation and degradation behaviors are not well established132.  The network and the 

degradation properties of the hydrogel are important as they influence the diffusion of 

nutrients, metabolic waste products and immune molecules that could potentially lead to 

adverse effects on the encapsulated cells129,148,150.  Long gelation periods are also 

undesirable as they could lead to cell nutrient deprivation or overexposure to unreacted 

crosslinking agents.  Therefore, a variety of experiments were conducted to determine if 

cell encapsulation was feasible with a PEGD700 crosslinker and GC using a 1-4 Michael-

type reaction. 

 

To determine the working weight percent of GC, the highest weight percent with a 

solution viscosity that was still workable with a pipette or syringe was used.  A higher 

weight percent of GC allowed for faster gel times because of the higher concentration of 

molecules present for reaction with PEGD700.  The maximum workable GC 

concentration was found to be 6 wt% in 1X PBS.  From the five 6 wt% GC:PEGD700 

molar ratios that were tested (1:15, 1:30, 1:45, 1:60 and 1:80), the 1:45 molar ratio was 

the lowest concentration of PEGD700 (0.7% v/v PEGD) that resulted in acceptable 

crosslinking times (useable gels within 4-6 hrs).  Sol fraction and equilibrium water 

content results for the 1:45 molar ratio gel were 16.9±1.1% and 89.0±0.3%, respectively.  

A gel stability study was also conducted and found that the gels completely degraded 

within 2-3 days in 1X PBS at 37°C with agitation.  However, the degradation time was 

not considered a disadvantage for gel selection, since the main purpose of the hydrogel 

was to mimic the viscous proteoglycan matrix of the ligament and act as a cell delivery 

vehicle.   



 95

To determine if the cells would be able to survive the 4-6 hr gelation period without 

culture medium, a nutrient deprivation study was conducted.  Cells were grown to 

confluence and the culture medium was replaced with 1X PBS for 1 to 24 hrs and cell 

viability was assessed using a Live/Dead™ assay (Figure 42).  By 4 hrs the majority of 

the cells were still attached to the TCP surface but cellular condensation and loss of 

cellular striation was observed in a number of the cells.  Similar results were observed at 

6 hrs with the cells expressing a more intense yellow stain indicating an unhealthier state.  

By 24 hrs, the cells were completely condensed and showed limited coverage on the TCP 

surface.  There were still some signs of cell viability, but a higher overlap with a red 

staining (dead cells) was observed in the confocal images.   

 

The condensation of cells and increase in red staining could be a sign that the cells were 

possibly in a stage of programmed cell death (apoptosis) or necrosis179.  Regardless, the 

majority of the fibroblasts were shown to be able to survive nutrient deprivation within 

the length of time required for gelation (4-6 hrs).  These findings were within the range 

reported by Izuishi et al.180 where 60% fibroblast viability was demonstrated after 12 hrs 

of nutrient deprivation. 
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Figure 42:  Nutrient deprivation study 
200 μm scale bar, media was replaced with 1X PBS and cultured for respective times, A – TCP 
control, B – 1hr, C – 4hr, D – 6hr and E – 24hr  

 

 

To test the cytotoxicity of PEGD and GC, these components were individually added to 

the culture media for a 24 hr period (Figures 43 and 44).  Cell viability was assessed 

using the Live/Dead™ assay.  Lower concentrations of chitosan (1.5wt%) than those in 
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the hydrogels (6wt%) were used for the cytotoxicity testing.  The reason for the lower 

concentration was that the high molecular weight of the chitosan caused the culture media 

to become too viscous at higher concentrations that could lead to adverse side effects.  

Crosslinker cytotoxicity testing was done using concentrations in the range close to the 

actual amount used in the hydrogels.  This was done as there was more concern of the 

cytotoxic effects of the crosslinkers then the hydrogel materials.   

 

 

Figure 43:  24 hr cytotoxicity testing with 1.5wt% GC in 5% FBS culture media 
200 μm scale bar, A – TCP control and B – after 24hr exposure 

 

 

A 24 hr exposure of 1.5 wt% GC did not seem to have any adverse effects on the cells 

(Figure 43).  On the other hand, 0.2% v/v PEGD700 was observed to have an effect on 

the cells within 10 min and this effect was more obvious after 30 min of exposure (Figure 

44).  By this time, cells started to condense and turn yellow indicating higher staining for 

the EthD-1 and possibly an early indication of cell necrosis/apoptosis as previously 

described.  Cell viability was approximately 50% by 6 hrs and by 24hrs the majority of 

the cells were dead.   
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This toxicity occurred at lower concentrations (0.2% v/v) than those used in preparing the 

hydrogels (0.7% v/v) (Figure 44).  However, similar results were also observed with a 

higher concentration of 5% v/v PEGD700 (data not shown) which indicated that the 

cytotoxicity of the PEGD700 was a result of exposure time rather than concentration.  

Shin et al.136 reported that low molecular weight PEGD (575 Da) was cytotoxic within 2 

hrs.  Similarly, from these experiments PEGD700 resulted in poor cell viability with 

noticeable cytotoxic effects by 6 hrs.  It was speculated that the acrylate groups on the 

PEGD molecules caused the cytotoxic effect.  Therefore, the GC:PEGD700 and 1-4 

Michael-type crosslinking method was not pursued further. 
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Figure 44:  24 hr cytotoxicity testing with PEGD700 in 5% FBS DMEM 
200 μm scale bar, various exposure times with 0.2% v/v PEGD, A – 10 min, B – 30 min, C – 1 hr, 
D – 6 hr and E – 24 hr, (TCP control same as figure 45A) 
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5.2.3 Irgacure 2959 and Methacylated Glycol Chitosan 

After the poor results observed with the other crosslinking systems, a photoinitiated 

system was investigated.  A variety of water soluble photoinitiators and UV light sources 

have been shown to have some degree of toxicity towards cells, depending on their 

concentration and UV exposure times149.  However, the rapid rate of the 

photocrosslinking reaction leads to relatively short exposure times (seconds to a few 

minutes)150 to the harmful UV light source and chemical crosslinkers, and so cytotoxicity 

was expected to be low within this system.   

 

Photocrosslinked hydrogels were prepared using methacrylated glycol chitosan 

possessing a degree of methacrylation of 4% (4M-GC).  A 3 wt% 4M-GC solution was 

determined to be an optimum weight percent for use in the photocrosslinked hydrogels.  

The solution viscosity of the 3 wt% M-GC solution was low enough to prevent bubbles 

from being trapped in the solution after mixing and was high enough to produce a usable 

gel with good mechanical properties.   Typically, UV light intensities of less than 10 

mW/cm2 and exposure times of 5-10 mins149,152 are utilized.  However, the lowest 

possible reading from the UV light source was 24 mW/cm2.  Therefore, the shortest 

exposure time was utilized to crosslink the hydrogel to minimize any adverse effects on 

the cells.  It was found that the minimum exposure time that resulted in a gel that could 

be physically handled was 1 minute with 0.02% w/v I2959.  These gels were found to 

have sol fractions and equilibrium water contents of 5.4±3.6% and 95±1%, respectively 

after 48hrs in 1X PBS.  Based on these results, the 4M-GC/I2959 gels were considered 

suitable for in vitro culture testing. 
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To test the cytocompatibility of the photoinitiator, confluent cells were cultured with 

0.04% w/v I2959 (double the concentration to be used to create the 4M-GC hydrogels) 

for 24 hrs and assessed using the Live/Dead™ assay (Figure 45).  After the 24 hr culture 

period, the cells appeared to be slightly more yellow when compared with the controls 

(regular culture media), which could be an indication of cell death as previously 

mentioned.  However, cells encapsulated in the gel would not be exposed to the 

photoinitiator for that length of time since the initiator would be rapidly consumed upon 

exposure to the UV light source.  A potential problem was the cytotoxicity of the 

methacrylate groups present on M-GC.  Therefore, M-GC with different degrees of 

methacrylate substitution (1, 4 and 8 %) was tested to determine any cytotoxicity effects.  

From these results, the methacrylate groups did not appear to have a large effect on cell 

viability.  The majority of cells remained viable after the 24hr cytotoxicity testing with 

cell viabilities of 84±3%, 78±5% and 77±7% for 1, 4 and 8 % methacrylation M-GC, 

respectively.  There was no noticeable difference between the different degrees of 

methacrylate substitution (concentration), which was similar to the finding with 

PEGD700.   
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Figure 45:  24 hr cytotoxicity testing with M-GC and I2929 hydrogel components 
200 μm scale bar, A – Control, B – D2959 (0.04 %w/v), C – 1M-GC, D – 4M-GC, E – 8M-GC.  
(concentration of 1.5 wt% M-GC in 5% FBS/DMEM was used) 

 

 

As all of the hydrogel components had acceptable cytotoxicity, a 24hr cytocompatibility 

test with passaged (P1) bovine ligament cells encapsulated in the 4M-GC hydrogels was 

conducted.  Viability was assessed using the Live/Dead™ assay and results indicated that 
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there was approximately 57±3% cell viability after 24 hrs (Figure 46).  The 

photocrosslinking process resulted in a noticeable decrease in cell viability either from 

the crosslinking process or the UV light source.   

 

 

Figure 46:  24 hr 4M-GC/I2959 hydrogel cytotoxicity test with P1 bovine ligament cells 
200 μm scale bar, cell viability was not tested with primary cells due to a higher occurrence of cell 
clumping in the gels, which made it difficult to determine an accurate live/dead cell ratio.   

 

 

However, of the three gelation methods examined, the 4M-GC/I2959 photocrosslinking 

system was found to be the only one suitable for cell encapsulation studies.  The other 

methods were not acceptable to be used in the biomimetic scaffold design either due to 

poor mechanical properties or poor cytocompatibility results.  Results from the 4M-

GC/I2959 hydrogel cytotoxicity study indicated that there were enough viable cells after 

the photocrosslinking process that it was feasible to be used as a cell delivery matrix. 
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5.3 Biomimetic Scaffolds  

Approximately half of the maximum fibre content was used (4 mg) in the biomimetic 

scaffolds to give the cells adequate space between the fibres.  To determine the 

effectiveness of these biomimetic scaffolds, two control scaffolds were also examined: a 

gel-only and a fibre-only scaffold.  Analysis of the gel-only scaffold was used to 

determine if the hydrogel cell delivery system was effective for the entire culture period.  

By analysing the results of the gel-only and biomimetic scaffold, conclusions could also 

be made about cell growth behaviour between the two systems.  The use of the fibre-only 

scaffold was to determine if the conventional (non-gel) cell seeding method was an 

effective means of delivering cells throughout the scaffold.  A comparison of the three 

scaffolds could be used to determine how effective the biomimetic scaffold was for this 

particular tissue engineering application.   

 

During the entire culture period, a gel-only construct was taken for analysis at 24 hrs and 

1, 2 and 4 weeks using a Live/Dead™ assay to determine cell viability.  This analysis 

was used as an in-progress monitoring system for the other scaffolds as they were opaque 

and could not be imaged with confocal microscopy.  Results indicated that the cells 

remained viable throughout the entire culture period (Figure 47).  However, upon closer 

inspection, the cells appeared to be growing in enlarged clusters and were seen thriving 

near or on the surface of the gels by the fourth week in culture (Figure 48 and 49).  
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Figure 47:  Primary ligament cells grown in M-GC/I2959 hydrogels for various times 
200 μm scale bar, A – 24 hr, B – 1 week, C – 2 weeks, D – 4 weeks. 

 

 

Higher magnification brightfield and confocal images gave a better understanding of the 

cell behavior in these cell clusters after 4 weeks in culture.  Figure 49 showed that there 

was a fairly even mixture of live and dead cells within the clusters.  There was also a 

large amount of space in the cluster that was not stained, which could indicate possible 

tissue production. 

 

B
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Figure 48:  High magnification brightfield images of cell clusters 
100 μm scale bar, A – on hydrogel surface and B - near gel surface after 4 weeks   

 

 

Figure 49:  High magnification confocal images of cell clusters near gel surface after 4 weeks in 
culture 
20 μm scale bar, A – Brightfield, B – Live/Dead™ assay confocal red/green channel overlay 

 

 

In addition to the Live/Dead™ assay for the gel-only scaffolds, immunohistochemistry 

(IHC) with fluorescent secondary antibodies was performed on all of the scaffolds.  IHC 

allowed for the visual identification, localization and organization of any tissue produced 

within the scaffolds.  Negative controls, where the primary antibody was replaced with 

A B

A B

Gel Surface
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goat serum, indicated that non-specific binding of the secondary antibody was not present 

in any of the scaffolds (Figure 50). 

 

 

Figure 50:  Negative controls performed on 28 day scaffolds omitting primary antibody 
100 μm scale bar, A – Fibre-only scaffold, B – Gel-only scaffold, C – Biomimetic scaffold (blue 
nucleus staining DAPI) 

 

 

To determine if any false-positive staining occurred due to with the scaffold materials, an 

acellular biomimetic scaffold was sectioned and stained using the normal IHC protocol.  

The results indicate that the PCLDLLA fibres and M-GC hydrogel did not produce any 

false staining (Figure 51). 

 

 

Figure 51:  Acellular biomimetic scaffold stained using the normal IHC protocol 
80 μm scale bar, to determine if false staining from the scaffold materials was occurring, A – 
Brightfield, B – stained with collagen type I 1° (FITC 2°), C – stained with collagen type III 1° 
(Texas Red 2°) 
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100 µm 100 µm 100 µm
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While preparing the fibre-only scaffold for tissue culture work it was discovered that the 

fibres collapsed upon themselves due to hydrophobic interactions with the aqueous 

media.  After 4 weeks in culture, the fibres had completely collapsed and visual 

identification of fibre alignment along the long axis of the scaffold was no longer 

possible.  This effect produced a planar cell culture surface that did not allow for cell or 

tissue integration into the scaffold.  Therefore, over the 4 week culture period, cells 

produced a tissue capsule around the collapsed fibres.  This phenomenon was evident in 

the cryo-cut fibre-only sections (Figure 52).  Since not enough tissue was produced 

within the fibre-only scaffolds, the compacted PCLDLLA fibres detached from the slides 

during the IHC staining process.  After IHC staining, only the tissue capsule surrounding 

the compacted fibres remained attached to the slides. 

 

 

Figure 52:  28 day Fibre-only scaffold with tissue capsule encapsulating fibres 
100μm scale bar, showing collapse of fibre scaffold and tissue encapsulation 
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Observations from the IHC images (Figure 53) of the fibre-only scaffold showed that the 

tissue capsules surrounding the collapsed fibres became more developed, and thicker, 

throughout the 4 week culture period.  DAPI staining in the IHC images also indicated an 

increase in cell proliferation throughout the culture period.  As well, there was the 

production of ligament-specific collagen type I and type III.  During the first and second 

week, a higher amount of collagen type I than type III was observed whereas by the 

fourth week comparable amounts were observed.  The results obtained from the fibre-

only scaffolds were similar to previous reports on fibrous scaffolds using conventional 

seeding methods.  The previous reports also demonstrated poor tissue integration due low 

porosity between the fibres46,45,47,53,55,64.   

 

An interesting result obtained with the fibre-only scaffold was that the primary fibroblasts 

grown on the planar surface of the collapsed PCLDLLA fibres were capable of producing 

similar collagen types to that in the native ligament.  However, the tissue was not as 

highly organized and was much more cellular compared to that of the native ligament.  

The fact that ligament-specific tissue could be produced on a planar in vitro culture 

system could be useful to improve on future scaffold designs.   
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Figure 53:  Fluorescent microscope images of fibre-only scaffold IHC staining on remaining 
tissue capsule for collagen types I and III 
100 μm scale bar 
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IHC results for the gel-only control scaffold showed a decrease in cellularity over the 

entire culture period (Figure 54).  However, the spherical cell clusters present throughout 

the hydrogel were observed to enlarge over time.  These cell clusters also stained positive 

for both collagen types I and III, which increased over the 4 week culture period.  By the 

fourth week, along with the cell clusters, smaller localized regions of collagen type I and 

III tissue appeared throughout the gel.  These smaller regions within the gel-only scaffold 

were more evident with collagen type III staining.  A low intensity stain was observed 

throughout the gel material by the fourth week, for both collagen types I and III.  It was 

possible that higher amounts of collagen types I and III were being synthesized by the 

cells and accumulated throughout the gel matrix. 
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Figure 54:  Fluorescent microscope images of gel-only scaffold IHC staining for collagen types I 
and III 
100 μm scale bar 

 

 

Collagen Type I  Collagen Type III  

Week 1 

Week 2 

Week 4 

100 µm

100 µm

100 µm

100 µm

100 µm

100 µm



 113

The biomimetic scaffolds showed similar results to the gel-only scaffolds in regards to 

ECM accumulation and cellularity within the scaffold.  The fibroblasts appeared to be 

well distributed throughout the biomimetic scaffold.  Over the four weeks of culture there 

was a slight decrease in the number of cells throughout the scaffold.  By the fourth week, 

DAPI staining was only observed in the clusters and was slightly masked by the denser 

tissue staining from FITC and Texas Red.  By comparing IHC fluorescent and confocal 

microscope images from the biomimetic scaffold it appeared that there was an increase in 

collagen type I production over the 4 week culture period (Figures 55 and 56).  From the 

IHC images it appeared that a minimal amount of collagen type III was produced by the 

first week with a noticeable increase by the fourth week.  In addition to the high intensity 

stained tissue clusters a non-specific, low intensity collagen type I and III fluorescence 

was observed throughout the gels and on the fibres by the fourth week.  As previously 

mentioned, this fluorescence could be a result of an increase in tissue accumulation in/on 

the materials from the remaining cells producing new tissue and turning over the older 

tissue.  This behaviour would be similar to ligamentum fibroblasts cells, which mainly 

perform ECM maintenance on the collagen fibril structure13. 

 

Similar cell/tissue clusters as in the gel-only scaffold were also observed in the 

biomimetic scaffold.  However, one key difference between the clusters was that collagen 

types I and III attached and spread on the PCLDLLA fibres in the biomimetic scaffolds.  

These results confirmed that the base-etched fibre surfaces had enhanced cell adhesion 

properties.  The results also indicated that the fibres were acting as tissue growth guides 

within the biomimetic scaffolds (Figures 55 and 57).   
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Figure 55:  Fluorescent microscope images of biomimetic scaffold IHC staining for collagen 
types I and III 
100 μm scale bar 
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Figure 56:  Confocal images of biomimetic Scaffold IHC staining for collagen type I (FITC) 
80 μm scale bar, collagen type I staining with FITC, A – 1 week, B – 2 weeks and C – 4 weeks 
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Figure 57:  High magnification confocal images of biomimetic scaffold for collagen type I and III 
staining showing tissue growth along the 20:80 blend PCLDLLA fibres.   
20 μm scale bar, A – Collagen type I staining with FITC, B – Collagen type III staining with 
Texas Red.  

 

 

One possible issue that was observed within all the gel encapsulating (biomimetic and 

gel-only) systems was that cellularity decreased over the 4 week culture period.  In 

contrast, the cellularity in the fibre-only scaffolds increased over the same period of time.  

The decrease in cellularity in the gel systems could be attributed to the static culture 

conditions that would limit the transport of nutrients to the cells as well as the removal of 

their waste products through the hydrogel material.  However, there was the possibility 
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that the fibroblasts were switching from a proliferation/matrix production mode to 

maintenance mode similar to a wound healing response. Greenhalgh et al.181 observed 

that after tissue was produced in healing ligaments and the remodelling phase was 

entered, cellular apoptosis resulted in a decrease in cellularity without any tissue 

degradation.  Due to the biomimetic nature of the scaffold, the transplanted primary 

ligament cells could have been induced into a similar wound healing/tissue remodelling 

phase.   

 

Another potential issue was that the collagen produced in the gel systems was present in 

clusters throughout the scaffold.  This result indicated that a higher initial cell seeding 

density was possibly required in order to have connected tissue throughout the entire 

scaffold.  A higher seeding density was also necessary for the system due to the decrease 

in cell population during the photocrosslinking period.  However, due to the large number 

of scaffolds required and the limited number of primary cells available, cell seeding 

densities were reserved for this preliminary study. 

 

It has been shown, from the results presented in this section that ligament specific 

collagen type I and III proteins were produced in sufficient amounts within the 

biomimetic scaffolds over a 4 week period.  Other studies have also reported IHC 

localized collagen types I and III within their fibrous ligament scaffolds45,46,61,62.  The 

most noteworthy of these studies was conducted by Sato et al.46 who examined chitin, 

PCL, PLA and chitin/PCL braided fibre scaffolds.  This study was able to demonstrate 

that chitin and chitin/PCL scaffolds were more efficient at integrating collagen type I and 
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III proteins into the center of the scaffold.  However, the tissue that was produced did not 

attach directly to the fibres and was limited to a capsule that surrounded the fibres.  

Therefore, the fibres in these scaffolds were not acting as tissue growth guides but were 

potentially repelling the de novo tissue growth.  Also, the tissue that was stained did not 

appear organized, which could result in poor mechanical properties of the scaffold once 

the fibres were fully degraded. 

 

Current methods of ligament tissue engineering have reported collagen type I:III ratios, 

which are not typically observed in the native ligament (~ 8).  For example, Garvin et 

al.182 and Kim et al.72 observed that cells cultured with mechanical stimulation produced 

higher levels of collagen type III than type I for both planar and three dimensional 

cultures.  Hankemeier et al.78 and Funakoshi et al.61 found similar amounts of collagen 

type I and III produced from human BMSCs supplemented with various amounts of FGF-

2 (fibroblasts growth factor 2) on HA coated and uncoated chitosan fibres, respectively.  

Moreau et al.64 observed fairly low collagen type I:III ratios of (2.0 – 3.5):1 for BMSCs 

grown on silk matrices with various growth factors.  Altman et al.65 found higher than 

average collagen type I:III ratios of 16:1 in mechanically stressed hydrogels, indicating 

that not enough type III was being produced.  Type III collagen levels are also observed 

to increase in healing ligaments leading to a higher degree of disorganization in the 

healed ligament25,183.  The results for these studies were obtained using techniques such 

as reverse transcriptase polymerase chain reaction to determine whether the specific 

genes for collagen types I and III were being expressed.  However, even though the genes 

were expressed, that did not necessarily imply that the proteins were secreted from the 
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cells and accumulating within the scaffold.  Therefore, techniques such as IHC allow for 

a visual understanding of the actual tissue production within the scaffold 

 

In summary, the biomimetic scaffolds were shown to be superior in design to the fibre-

only and gel-only control scaffolds.  The gel-only results indicate that the M-GC and 

I2959 photocrosslinking system was an acceptable method for cell delivery.  The 

hydrogels were able to deliver cells evenly throughout the scaffold and were also able to 

maintain cell viability throughout the 4 week culture period.  The hydrogel was also 

found to be essential in providing a usable scaffold since the fibres required the gel to 

maintain their structure.  The fibres within the biomimetic scaffolds were required for cell 

and tissue attachment points and appeared to act as tissue growth guides.  All scaffolds 

were shown to produce both collagen types I and III, whose concentrations increased 

throughout the 4 weeks.  
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Chapter 6. Conclusions 

In order to produce an ideal biomimetic scaffold, the choice of materials and methods of 

manufacture are a very important aspect of the design.  Sound decision making went into 

the material choices and processing methods for the production of the scaffold.  However, 

after much work in producing electrospun chitosan fibres with sub-cellular dimensions 

they were found to be unusable in an aqueous environment.   Therefore, PCLDLLA 

copolymers that had a better ability to adjust mechanical and electrospinning properties, 

were used.  The material properties of the PCLDLLA copolymer were easily modified to 

suit the design needs of the biomimetic scaffold.  As a result of the specific physical 

properties of the 20:80 copolymer, and collecting the electrospun fibres in tension, 

relaxation forces were generated in the fibres.  The force generating property of the 20:80 

copolymer resulted in the electrospun fibres having a crimp pattern.  The process was 

found to be accelerated after the aqueous base-etching process and the magnitude of the 

crimp pattern was controllable through the fibre diameter.  Surface modification of the 

PCLDLLA fibres by base-etching was shown to improve cell and protein adsorption.  

 

Despite the marginal cytotoxic effects of the photo-initiator and UV light source, 

photocrosslinking to form a hydrogel was better when compared to the PEGD and 

genipin approaches that were also investigated.  The final M-GC and I2959 hydrogel 

system that was used for cell delivery was an effective method for distributing cells 

evenly throughout the entire scaffold.  Live/Dead™ assay results confirmed that the 

biomimetic scaffold was able to support the growth of primary ligament cells throughout 

a four week culture period.  IHC results indicated that the primary bovine ligament cells 
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were able to produce collagen types I and III proteins within the biomimetic scaffold 

without the use of chemical or physical inputs.  Therefore, it was assumed that the 

biomimetic environment of the scaffold did not allow the cells to de-differentiate into 

other cell lineages since ligament specific ECM was produced.  The overall results 

indicated that the biomimetic design was an acceptable approach to ligament tissue 

engineering.  Overall, these results demonstrate a wide-ranging potential for the 

biomimetic scaffold to be used for ligament tissue engineering; if not to make functional 

ligament tissue, then to better understand the factors affecting the growth of ligament 

tissue in a biomimetic environment.     
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Chapter 7. Recommendations and Future Work 

A comprehensive understanding of the crimping mechanism to control the crimp pattern 

would be useful if the design or use of the scaffold is to be modified.  Therefore, 

continued study with different PCLDLLA copolymers is required to obtain a better 

understanding between the effects the CL:DLLA ratio and the final physical properties 

(crimp) of the polymer fibres.  An in-depth study of the mechanical properties of the 

fibres during wetting (aqueous) would allow for more insight into the crimping 

mechanism.  Investigation with different monomer components would also be beneficial 

in controlling and/or modifying the fibre crimp pattern.     

 

Additional work should be done to gain a better understanding of the cell behaviour 

within the biomimetic scaffold at the earlier times in culture.  A longer culture period 

could be used to study the affects of the biomimetic scaffold on cell growth and tissue 

production.  The degradation properties of the PCLDLLA fibres and M-GC hydrogel 

within those settings could also be investigated at the same time.  An investigation into 

the fibre content (porosity between the fibres) may be beneficial for improving cell 

behaviour in the biomimetic scaffolds.  Future work should also investigate whether the 

improved cell adhesion on the base-etched PCLDLLA polymer surfaces was due to 

changes in surface chemistry, increased surface roughness or a combination of both.   

 

The decrease in cellularity within the gel encapsulating scaffolds could be remedied with 

the use of a bioreactor to give the cells a more controlled and maintained in vitro 

environment184.  Other inputs such as mechanical stimulation and chemical growth 
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factors might also be beneficial.  The modification of the gel properties such as 

crosslinking density and molecular weight of the M-GC may help to improve the 

conditions necessary for increased cellularity in the hydrogels.  An investigation with a 

higher cell seeding density would also be beneficial to improve upon these initial 

findings.  It may also be possible to produce connected tissue throughout the scaffold 

with a higher cell seeding density.  The decrease in cellularity would be attributed to the 

cells natural tendency to maintain ligament tissue.   

 

The same factors (growth factors, mechanical stimulation, use of a bioreactor) previously 

mentioned to potentially control the cellularity could also be used to try and enhance the 

ligament-specific tissue production and organization within the biomimetic scaffolds.  

Future work could also include additional IHC markers other than collagens types I and 

III to further confirm that ligament-like tissue was being produced in the scaffold, such 

as: tenascin-C, decorin and biglycan. 

 

There are many possible applications for the use of the crimped and surface modified 

PCLDLLA fibres of sub-cellular dimensions as well as the M-GC hydrogel cell delivery 

system within the general field of tissue engineering.  Research into the requirements 

from this general field could lead to many more possible uses for either the biomimetic 

scaffold design or its individual components. 
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