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Abstract
Injuries to the meniscus are a common and important source of mobility issues in the knees of
young active individuals, as well as elderly individuals. Conventional treatments for these injuries
involve surgical resections of the damaged portions of tissue in order to relieve immediate clinical
symptoms. However, with a decreased amount of meniscal tissue remaining, the load-bearing and
load-distribution capacities remain compromised and inevitably lead to the development of
osteoarthritis.1 In view of these deficiencies, tissue engineering has emerged as a promising
alternative approach to meniscus repair. In this approach, biodegradable synthetic materials have
been proposed as scaffolds to stimulate and support cell-mediated tissue remodeling. A wide
range of synthetic materials have been developed to respond to the physical and chemical
requirements of a scaffold, but many lack the necessary biological properties to respond to
cellular stimuli. In addition, many of these materials are deficient in mechanical strength. The aim
of this study was to develop a novel biomaterial that addresses these limitations.
Poly(trimethylene carbonate) (PTMC) was selected as the main component of the scaffold due its
highly suitable material properties. PTMC is a biocompatible, biodegradable polymer with
excellent elastomeric properties and mechanical strength. It also offers the advantage of providing
long-term mechanical support due to its low degradation rate. However, PTMC alone cannot
stimulate tissue regeneration due to its bio-inert nature. In order to provide an ideal environment
to support tissue repair, it must possess bioactive signals. PTMC was combined with a
collagenase-sensitive peptide substrate to render the scaffold invasive by cells. The peptide also
served to increase the slow degradation rate of PTMC by providing cleavage points throughout
the network. The compressive strength of this material was significantly higher than previously
used scaffold materials. Additionally, the material possessed enhanced toughness and elasticity,
high equilibrium water content, and a tunable degradation profile. Unlike currently used
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scaffolding materials, this material satisfies all of the necessary requirements to function as an
effective scaffold for meniscus regeneration.
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Chapter 1: Introduction
1.1

Meniscus Structure and Function

The menisci are specialized fibrocartilaginous tissues that play an integral role in the knee joint.
Historically, these structures were considered to be functionless remains of leg muscles, however,
they are now recognized to be extremely important for effective functioning of the knee joint.1 Each
knee contains both a medial and lateral meniscus, which are situated between the corresponding
femoral condyles and tibial plateau. Macroscopically, the menisci are white, glossy, smooth tissues
that are both semi-lunar and wedge-shaped. Because of their unique geometry, the menisci are highly
adept at stabilizing the rounded femoral condyles during articulation with the flat tibial plateau.2
Additionally, their wedge-shape serves to convert vertical compressive forces to radial hoop stresses,
thereby reducing stress on the underlying tibial cartilage.3,2,4 The menisci transmit approximately
50% of a person’s body weight between the femur and tibia.5 Therefore, the integrity of the meniscus
is of paramount importance in a healthy knee joint.5 A number of studies have helped to quantify the
biomechanical properties of the tissue in humans. According to these studies, the meniscus resists
axial compression with a modulus of 100-150 kPa.6 The tensile modulus of the tissue varies between
100-300 MPa for circumferential tensile stresses and 10-30 MPa for radial stresses.2 The menisci also
facilitate nutrition and lubrication within the joint, provide shock absorption, and function in knee
proprioception and protection of the underlying articular cartilage.7
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Figure 1. Anatomic location of the meniscus. Image on the left shows posterior view of the left knee
joint with menisci situated between the femur and tibia. Image on the right shows superior view of
medial and lateral menisci.8

1.2

Biochemical Content and Organization

The material properties of the meniscus are derived from the unique organization and interactions of
the extracellular matrix components, namely water, collagen, and proteoglycans.9 Water is the main
component of the meniscus, accounting for 70% of the total wet weight of the tissue.3 The remaining
30% is comprised of organic matter; collagen (~75%), proteoglycans (~17%), DNA (2%), adhesion
glycoproteins (<1%), and elastin (<1%).2 Collectively, these macromolecules contribute to the
biomechanical integrity of the meniscus, providing it with strength and resilience to load
application.9 As the largest fraction of the extracellular matrix, collagen has an important role in the
functionality of the meniscus.3 Regional variation exists with respect to the types of collagen found in
meniscal tissue. In the outer periphery, collagen type I accounts for more than 99% of the total
2

collagen.3 In contrast, the inner portion of the meniscus is comprised of 40% type I and 60% type II.
Other minor collagen types (III, IV, V and VI) have also been identified, although in much lower
quantity.3 The mechanical integrity of the meniscus is imparted by the unique organization of
collagen fibers in the tissue. When viewed as a cross-section, the meniscus can be divided into three
distinct layers; superficial, lamellar, and deep. In the superficial zone and throughout most of the
lamellar zone, collagen fibers are randomly oriented, while fibers in the deep layer are
circumferentially oriented.3 The abundance of radially oriented collagen fibers at the periphery
provides tissue with the ability to bear tensile stresses generated by normal loading of the tissue.9
Conversely, the randomly oriented fibers in the inner region enable the tissue to resist compressive
loads.

Figure 2. Orientation of collagen fibers in the meniscus. Image courtesy of Athanasiou et al.3

The functionality of the meniscus is also dependent on the presence of proteoglycans. Proteoglycans
are molecules consisting of a core protein with covalently attached glycosaminoglycans (GAG). The
main types of GAG found in meniscal tissue are chondoitin-6-sulfate, dermatan sulfate, chondroitin4-sulfate, and keratin sulfate.3 GAG molecules are negatively charged and therefore play a role in
attracting water into the tissue. This confinement of water imparts both tissue hydration and
3

compressive stiffness, particularly in the inner regions where compressive loading is highest.3
Correspondingly, a higher proportion of GAG is found in the inner two-thirds of tissue than in the
outer third.

Adhesion glycoproteins are also important ECM components of the meniscus, though they account
for less than 1% of the dry weight. They serve to bind matrix molecules to cells and other ECM
components. The primary adhesion glycoproteins present in meniscal tissue are fibronectin,
thrombospondin, and type VI collagen. All of these molecules contain the RGD (arginine-glycineaspartic acid) amino acid sequence, which plays a central role in cell adhesion.3

1.3

Cells of the Meniscus

The cells of the meniscus are collectively referred to as meniscal fibrochondrocytes (MFCs). These
cells sparsely populate the tissue and are responsible for synthesizing and maintaining the structural
organization of the ECM. MFCs are a heterogeneous population that inhabit different regions of the
meniscus and exhibit distinct morphologies. The cells located in the outer vascular portion of the
meniscus are similar in appearance and behaviour to fibroblasts, hence their designation as fibroblastlike cells.2 Due to their fibroblastic nature, the matrix surrounding these cells is primarily composed
of type I collagen. In contrast, cells in the inner portion of tissue are fixed in a matrix composed of
types I and II collagen and a high concentration of GAG. The relative abundance of type II collagen
and GAG is reminiscent of hyaline cartilage and therefore, cells in this region are classified as
chondrocyte-like cells.2 Based on the morphology and distribution of cells in the meniscus, the outer
portion of tissue exhibits fibrous-like properties, which contribute to the tensile behaviour of the
4

tissue, while the inner region possesses cartilage-like properties, which contribute to the compressive
properties.

1.4

Vascularization

Vascularization can be defined regionally in the meniscus. From early in gestation to eleven years
after birth, the meniscus undergoes significant changes in terms of its vascularity. When first formed
in the body, vasculature can be identified throughout the entire meniscus. After birth, this vascularity
recedes rapidly toward the outer periphery. This recession continues until age eleven, at which point
the inner region is completely avascular and closely resembles an adult meniscus.10 Subsequently,
two distinct regions of the meniscus can be identified: the outer vascularized region, termed the red
region, and the inner asvascular region, termed the white region. The limited peripheral blood supply
arises from the superior and inferior branches of the geniculate arteries, which anastomose to form a
perimeniscal capillary plexus.10 As with most tissues, the capacity for self-repair correlates directly
with the amount of vascularization present. This gives the red region the highest regenerative
potential, leaving the white region susceptible to permanent traumatic and degenerative lesions.2

Figure 3. Decrease in vascularity during development. Image courtesy of Athanasiou et al.3
5

1.5

Meniscus Injuries

Injuries to the meniscus are among the most common sources of knee injuries. Athletic individuals,
particularly those involved in contact sports, are highly susceptible to acute meniscal tears. These
tears typically occur as a result of rotational forces placed upon the meniscus during flexion of the
knee. The prevalence of acute meniscal tears is estimated to be 60-70 cases per 100,000 people.11,12
The overall male-to-female incidence is approximately 2.5:1, with peak incidences occurring in
males aged 31-40 years and in females aged 11-20 years.13 While acute tears typically dominate in
younger, more active patients, elderly individuals are more prone to degenerative tears. In youth, the
meniscus is mobile, elastic, and supple.7 Over time, the collagen fibers in the meniscus begin to
degenerate and provide less support to the structure of the meniscus. This causes the tissue to become
brittle and less elastic, and in turn, more prone to injury. Degenerative tears can be found in
approximately 60% of individuals over the age of 65.13 These tears are often the result of minor
events such as walking and climbing stairs.7 In both cases, tears can result in severe joint pain,
locking and catching during movement, and the inability to fully extend the knee.13 Furthermore,
tears can also result in significant damage to the articular cartilage.

1.6

Meniscus Healing

Unfortunately, unlike most bodily tissues, the menisci possess only a limited ability to heal following
injury. These healing properties are generally restricted to the outer periphery of tissue where
vascularization is present. When injuries occur in the outer region, the defect is filled with fibrous
6

scar tissue, which later matures into tissue that is functionally weaker than native tissue.3 One study
examined the mechanical properties of meniscal repair tissue in rabbits and found that it required
75% less energy to fail than normal tissue at 12 weeks post-injury.14 Therefore, even in the region of
the meniscus that does undergo some repair, the resulting tissue is insufficient in quantity and
strength to maintain the integrity of the tissue.3 More frequently, however, lesions are observed in the
inner avascular regions where regenerative capacities are minimal. Symptoms arising from these
tears typically remain unresolved and require surgical intervention. Currently, very few surgical
treatments are available and the success of such treatments remains limited. This thesis establishes an
alternative approach to surgical repair strategies. Specifically, it aims to develop a novel polymer
biomaterial that can function as a scaffold for regeneration of meniscal tissue.
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Chapter 2: Literature Review
2.1

Meniscectomy

The surgical treatment of meniscal injuries is the most common procedure in the orthopedic field
today.15 Over 1 million surgical procedures involving the meniscus are performed annually in the
United States and over 400,000 in Europe.15 The most common procedure involves resections of
damaged tissue via meniscectomy. In the 1960’s, it was believed that removal of a whole meniscus
could be performed without any immediate consequence for the function of the knee joint.1 However,
because osteoarthritis takes time to develop, it took several decades before it was broadly accepted
that meniscectomy resulted in severe joint degeneration.1 Studies have shown that removal of a total
meniscus results in a 40-70% reduction in femur-tibia contact area, resulting in a corresponding 100300% increase in local stress on the underlying articular cartilage.16,17 Due to these adverse effects,
surgeons have turned to partial meniscectomies to treat damaged meniscal tissue. During these
procedures, surgeons remove only the damaged portion of tissue, thereby minimizing the loss of
tissue while precluding further tear propagation.18 Partial meniscectomies are usually effective in
alleviating the short-term clinical symptoms. However, with a decreased amount of tissue remaining
after the resection, the load-bearing and load-distribution capacities remain compromised. In a
biomechanical study of partial versus total meniscectomies, it was shown that a linear correlation
exists between the amount of meniscal tissue removed and the increase of peak stresses on the tibial
joint surfaces.17 This correlation was confirmed by another study that found that knee functioning
was inversely related to the amount of tissue resected.17 Although the biomechanical changes that
occur following a partial meniscectomy are less severe than after a total meniscectomy, the procedure
8

still results in early articular cartilage wear and reduced functioning of the knee, even in the absence
of clinical symptoms.13

2.2

Surgical Repair Techniques

In light of these deficiencies, research efforts have focused on developing techniques to repair and
augment tissue healing in order to preserve tissue and function. The most common and successful
repair technique involves suturing and stabilizing the torn tissue through an arthroscopic procedure.
Briefly, surgeons insert a thin tube containing a camera and light through a small incision near the
knee, which provides visualization without having to create a large incision.19 Surgical instruments
are subsequently inserted through other small incisions, allowing the surgeon to suture and restabilize the tissue. In addition to traditional suturing methods, many other options exist for carrying
out meniscus repair including hybridized suture implants, as well as a wide range of meniscal fixators
and devices, including screws, arrows, and darts.20 While these new techniques are effective in
stimulating tissue repair in the peripheral vascularized regions of the meniscus, it remains a challenge
to encourage healing of tears isolated in the inner avascular region.

The poor healing potential of meniscal tears in this region has led to the investigation of methods to
induce vascularization to the injured area. One method involves creating vascular access channels
from the peripheral vascular portion to the inner avascular area. This is accomplished using needles
that penetrate the periphery of the meniscus and travel radially through the tissue into the damaged
region.20 Theoretically, these tunnels allow the ingrowth of fibrovascular tissue through the channels
and into tear site.21 However, creation of these tunnels requires extensive skill and technique, as the
9

surgeon must avoid over penetrating the tissue, which may lead to further damage.20 These channels
may also disrupt the highly specific organization of meniscal fibres, thereby altering the structural
integrity of the meniscus.19

Another technique involves the insertion of an exogenous autologous fibrin clot into the region of
damaged tissue. This approach is based on the concept that clots contain a platelet-rich matrix with
associated biological factors that may act as chemical mediators, which encourage cellular in-growth
and tissue repair.22 They also provide mechanical scaffolds on which tissue growth may occur.22
Clots are commonly prepared by obtaining 30-50 mL of the patient’s blood and subsequently stirring
it with a glass rod to promote coagulation. Following clot formation, the clot is inserted
arthroscopically into the injured site. In a study conducted by Arnoczky et al., tears in the avascular
region of tissue were created in 6 dogs and repaired surgically using fibrin clots. After 6 months, the
defect sites had been filled with tissue that histologically resembled fibrocartilage, yet appeared
markedly different from adjacent uninjured tissue.23 Conversely, another study conducted reported a
significantly decreased failure rate of meniscus repair in those treated with exogenous fibrin clots
compared with those treated without a clot (41% vs 8%).24

The latest technique to be evaluated for augmenting tissue healing is platelet-rich plasma (PRP). This
is a refined technique, similar to a fibrin clot, which utilizes an autologous fibrin matrix that is more
concentrated in platelets and associated growth factors.25 Theoretically, it should provide a greater
regenerative effect. In addition, the higher density of the matrix makes is easier to suture and deliver
into the knee. Recently, Ishida et al. used PRP to augment meniscal repairs in a rabbit model. The
study hypothesized that PRP would enhance tissue regeneration in tears created in the inner avascular
10

region of the meniscus. After 12 weeks, the defects treated with the PRP exhibited significantly
better meniscal repair than those that without PRP.25 Nevertheless, further studies are required to
determine the effectiveness and potential of the PRP in meniscus repair over longer time frames.

2.3

Meniscus Allografts

For larger meniscal defects that cannot be treated using conventional surgical techniques, meniscal
allograft transplantation has been investigated as an alternative solution. Clinical results of this
procedure have indicated that allografts based on various preservation techniques are effective in
relieving pain and improving joint function.26 A short-term study conducted by Deie et al., reported
that the allograft procedures performed in 29 patients showed good-to-excellent results in 96% of
cases.27 Another study with mid-term follow-up at 13.8 years, showed that pain relief and functional
improvement persisted in approximately 71% of patients.28 Although allografts present a potential
biological solution for meniscus-deficient patients, their long-term viability, function, and
chondroprotective effects are still unclear and require further investigation.26 Additionally, allografts
present a number of drawbacks including the potential for disease transmission, the possibility of
inducing immunological reactions, a limited availability of donor menisci, and difficulty in obtaining
perfectly sized matches.26

2.4

Tissue Engineering the Meniscus
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In view of the deficiencies of current treatment strategies, tissue engineering has emerged as a
promising alternative approach to meniscus repair. This approach aims to restore function in
damaged tissues through the use of cells, scaffolds, and various stimuli.6 The amount of work that
has been done in an attempt to tissue-engineer the meniscus, however, has been limited when
compared to other musculoskeletal tissues due to its highly specialized nature.10 A number of factors
including cell types, biochemical stimuli, animal models, and evaluation techniques are critical to the
successful regeneration of tissue. Also of great importance is the scaffold material.

2.4.1

Ideal Scaffold

Scaffolds play a critical role in this technology by acting as three-dimensional platforms on which
cell-induced tissue modeling can occur.29 As such, a scaffold material for meniscus repair should
possess a number of key characteristics. First, the material should have adequate mechanical
properties to withstand the load-bearing conditions of the knee joint. Since the vast majority of tears
occur in the inner avascular regions of tissue where compressive forces dominate, a potential scaffold
material should be designed to have high compressive modulus. This modulus should be consistent
with that of native tissue (~150 kPa) to ensure that the material is not destroyed upon implantation.3
Mechanical properties are also important in determining the fate of regenerated tissue. Previous
studies have demonstrated that materials with insufficient mechanical strength prevent the
differentiation of fibrous tissue into fibrocartilage6. Second, the material should exhibit
biocompatibility. The material and its degradation products should be non-toxic and should not
provoke immunological responses in vivo. Third, the degradation rate of the material should be slow
enough to enable complete tissue regeneration. Ideally, the material should degrade at a rate equal to
12

that of tissue formation to ensure that the stiffness of the material is maintained throughout the
regenerative process. Finally, the material should possess biological properties that mimic native
tissue. In order for tissue remodeling to occur, a material must provide a natural environment that is
conducive to cell growth and tissue formation. Materials that provides these types of environments
are termed biomimetic or bioactive.

Previously investigated materials can be divided into four broad classes: tissue-derived materials,
extracellular matrix component materials, hydrogel-based materials, and synthetic materials.
Although these categories are not mutually exclusive, they provide a useful guide for examining the
differences in properties among various scaffolds.

2.4.2

Tissue-Derived Materials

Tissue-derived materials are components or by-products of living tissues such as perichondral tissue,
periosteal tissue, small intestine submucosa, and decellularized meniscal tissue.2 These materials are
attractive because they provide a natural environment for cell proliferation and matrix deposition. In
a study conducted by Bruns et al., perichondral tissue implants were used to stimulate tissue repair in
a sheep model. After three months, the transplants resembled normal meniscal tissue in their collagen
fiber orientation and cellular characteristics, as well as in their size and shape.30 The tensile moduli of
the perichondral menisci, however, were significantly lower than those of native tissue. Furthermore,
areas of calcification were present in the central regions of the implants, which disturbed tissue
formation and reduced tissue integrity. Similar results were reported in studies using periosteal tissue.
Walsh et al. used an autologous periosteal implant to regenerate meniscal tissue in a partial
13

meniscectomy rabbit model. At twenty-four weeks, the autografts had differentiated into a composite
material, consisting of bone and hyaline cartilage, that led to accelerated degenerative changes of the
articular cartilage.31

Other studies have investigated the use of small intestinal submucosa (SIS) and have found it to be
superior to both periosteal and perichondral scaffolds. SIS is a thin, highly resilient layer of tissue
that is found between the mucosal and muscular layers of the small intestine.32 It consists primarily of
a cross-linked collagen network and is responsible for providing structural support to the intestine.32
After various disinfectant, sterilization, and cell removal processes, SIS can be fabricated into strong
collagenous scaffolds for tissue repair. Cook et al. used scaffolds constructed from SIS to repair
medial meniscal defects in dogs. After twelve weeks, the repair tissue was macroscopically and
microscopically indistinguishable from native tissue with respect to collagen content and
organization.33 Additionally, less articular cartilage erosion was observed compared to controls.
Similar results were reported in a long-term study that used SIS implants to treat meniscal defects in
a dog model. Joints treated with the SIS implants had significantly less cartilage degeneration after
twelve months, as well as a greater amount of tissue deposition than those treated with meniscectomy
alone.34 However, the fact that cartilage degeneration was observed in both studies highlighted the
insufficient mechanical properties of the regenerated tissue.

Decellularized meniscal tissue has also been explored as a potential scaffold since it presents a
natural environment for cell growth and matrix deposition. Though these scaffolds are promising
with respect to bioactivity, they require extensive decellularization procedures to eliminate their
immunogenicity, which often lead to a loss of biomechanical properties.35 Decreases in GAG content
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have also been associated with these treatments.2 A number of alternate treatment methods are
currently under investigation. Maller et al. recently developed an enzymatic solution that completely
decellularized native ovine menisci without compromising biomechanical properties. In fact, treated
menisci had a higher compressive stiffness than native menisci. Furthermore, autologous
fibrochondrocytes were successfully cultured within these scaffolds over a period of four weeks.
Despite these findings, a three-fold decrease in GAG content, as well as non-uniform cell
distributions were observed in the treated scaffolds.36 Another study decellularized human meniscus
allografts using sodium dodecyl sulfate detergent (SDS). Though the treated menisci were
completely cell-free and the biomechanical properties were similar to native menisci, the use of SDS
was associated with negative effects on cellular repopulation of the scaffold.37 Another study
developed a decellularization protocol involving a series of buffers, detergents, and disinfectant acids
to treat fresh porcine menisci.35 Although the biomechanical properties and major ECM proteins of
the treated menisci were retained, a 60% loss of GAG was observed with this procedure.2

2.4.3

ECM Component Materials

Other commonly used scaffolds are fabricated using components isolated from native tissue
including collagen, proteoglycans, and hyaluronan. Because these scaffolds are made of natural
matrix molecules, they are intrinsically more biomimetic than synthetic polymer-based materials.38
Interestingly, however, not all ECM components possess the same regenerative capacity. Mueller et
al. investigated the proliferative and biosynthetic activity of meniscus cells seeded in type I and type
II collagen-GAG composite scaffolds.39 The morphology and density of the cells after three weeks in
vitro in both matrices was consistent with native tissue but the type II matrix was found to promote
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50% more GAG production than the type I matrix. Other studies have shown that aggrecan surfaces
are more effective in stimulating matrix deposition than type I collagen surfaces.40 Tan et al.
developed a hybrid biomimetic scaffold consisting of chitosan, hyaluronan, chondroitin-6-sulfate,
and types I and II collagen molecules.38 Fibrochondrocytes passaged in monolayer underwent
conventional dedifferentiation, but those subsequently cultured in the hybrid scaffolds underwent
partial re-differentiation over one week. Results indicated that the expression of collagens I and II
and proteoglycans were up-regulated, although not to the levels seen prior to passaging.38

From a clinical perspective, scaffolds constituted from isolated tissue components have received the
most attention due to the clinical use of collagen meniscus implants (CMI).39 The CMI is a resorbable
surgical mesh composed of type I collagen isolated from bovine Achilles tendons, molded into the
shape of the lateral or medial meniscus, and cross-linked.41 The scaffold’s primary mode of healing is
thought to be through host cell migration and subsequent synthesis of meniscus matrix. Rodkey et al.
conducted a study in which they compared the effectiveness of these implants with partial
meniscectomy procedures.41 They hypothesized that patients receiving a CMI would have better
clinical outcomes than the control group, who were treated with partial meniscectomy only. The
implants successfully facilitated meniscus-like matrix production and integration with the native
tissue. They also appeared to have adequate mechanical properties to maintain proper functioning of
the joint, as evidenced by improved clinical outcomes in patients. Another study demonstrated that
pre-seeding of the CMI with autologous fibrochondrocytes improved the histologic and macroscopic
performance of the implant.42 In comparison with non-seeded controls, the pre-seeded constructs
exhibited enhanced vascularization, accelerated matrix remodeling, and a greater content of ECM.42

16

Although many studies report successful functioning of the implant as indicated by positive patient
outcomes, a number of clinical drawbacks are associated with the use of CMI. The implant must be
sutured to an intact peripheral meniscus rim and therefore is not an option in patients who have
undergone total meniscectomies. Scaffold shrinkage and shape incongruency also remain significant
issues following implantation. Furthermore, it remains unknown whether the CMI is able to prevent
osteoarthritis in the long-term.10

2.4.4

Hydrogel-Based Materials

Hydrogels are three-dimensional cross-linked networks that are formed from hydrophilic polymers.
Both natural and synthetic hydrogels have continued to be of interest in meniscus repair because they
provide highly swollen environments that mimic native tissue. The aqueous environments that they
provide allow for the influx of solutes and nutrients, as well as the diffusion of wastes out of the
hydrogel.38 In general, natural hydrogels such as alginate, chitosan, and agarose are advantageous
over synthetic hydrogels since they possess the structural complexity of native tissues and thus, are
better able to stimulate cellular processes.43 The use of these materials is often limited, however, due
to their unsuitable degradation profiles and poor mechanical properties. Additionally, characteristics
of natural hydrogels such as molecular weight typically display a wide distribution due to their
natural origin, which limits their reproducibility and functionality.44 These disadvantages have
resulted in a shift towards the use of synthetic hydrogels such as poly(ethylene glycol) (PEG),
poly(vinyl alcohol) (PVA), and polyacrylates like poly(2-hydroxyethyl methacrylate). Compared to
natural hydrogels, synthetic hydrogels are more versatile and can be reproduced with specific
structures, molecular weights, and degradation profiles. Despite these advantages, their deficiencies
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with respect to biological activity and mechanical properties have restricted their use as tissue
regeneration scaffolds.

Recent studies have focused on functionalizing synthetic hydrogels with adhesion moieties and
enzyme-sensitive peptides to enhance their bioactivity.2 For example, hydrogels can be rendered celladhesive by incorporating known adhesion ligands, such as RGD, which are present in ECM
proteins. In a similar manner, hydrogels can be modified with enzyme-degradable sequences to
facilitate cleavage by cellular proteases.45 Galler et al. incorporated a matrix metalloproteinase 2
(MMP-2) cleavage site in hydrogel scaffolds based on poly(ethylene glycol). Compared to controls,
the presence of MMP-2 peptides in the scaffolds resulted in increased cell viability and cell
spreading, as well as enhanced cell migration into the hydrogel matrix.46 In another study, bioactive
fibrous hydrogels formed from PEG-diacrylate were conjugated with the adhesive peptide RGD.45
Compared to non-bioactive scaffolds, the RGD-containing hydrogels resulted in a significantly
higher number of adherent cells, as well as extensive cell spreading and infiltration. Although these
studies have shown promising results, further work is needed to assess the hydrogel scaffolds in
conjunction with meniscal cells.

Another advantage of hydrogels is their ability to undergo in situ gel formation in response to
radiation, cross-linking agents, and environmental factors such as temperature and pH.2 This has led
to the development of minimally invasive techniques such as injectable cell-based hydrogel systems.
Injectable therapies are attractive for meniscus repair since they allow for physical integration into
irregular-shaped defects, facile incorporation of cells and growth factors, and limited surgical
invasion. Nevertheless, it remains a challenge to develop a hydrogel that can withstand the
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mechanical stresses of the joint, while providing an optimal environment for tissue growth. Chen et
al. developed a reversible temperature-responsive hydrogel based on chitosan and hyaluronan to
function as a potential injectable system for meniscus repair.47 When cultured with meniscus cells,
the hydrogel preserved the viability of the cells, stimulated cellular interactions and matrix
deposition, and formed a network in response to temperature. The resulting networks, however, were
associated with poor mechanical properties and low compressive strength. Similar results were
reported in a study that developed an injectable hydrogel system composed of type I collagen and
multi-armed PEG.48 After seven days of in vitro culture with fibroblasts, cells adhered and
proliferated to near confluence on the hydrogel, demonstrating its cytocompatibility. The hydrogels
also possessed high equilibrium swelling ratios and suitable degradation rates. Despite these results,
the materials exhibited low mechanical stability, poor toughness, and low compressive moduli (1-20
kPa). This deficiency is common among most hydrogel-based scaffolds and has severely limited their
application in meniscus regeneration.

2.4.5

Synthetic Materials

Recently, hydrophobic, synthetic polymer-based scaffolds have received increasing attention. Among
the most frequently used polymers are poly(lactide), poly(glycolide), poly(ε-caprolactone), and
polyurethanes. Compared to natural materials, these materials offer improved control over polymer
composition, architecture, and physical properties. Furthermore, these materials are highly
reproducible and processable, and can be functionalized with various chemical functional groups to
induce degradation and tissue growth. While a number of materials have been developed to display a
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mix of desirable traits, many continue to exhibit drawbacks such as unsuitable degradation rates,
toxic degradation products, and insufficient mechanical properties.

A number of studies have focused on the relationship between the mechanical properties of a scaffold
and their effect on tissue regeneration. Researchers have demonstrated that the mechanical integrity
of a material controls many factors that affect tissue repair including cellular migration, matrix
synthesis, and differentiation of ingrown fibrous tissue into fibrocartilage.49 Setton et al. determined
that the minimal compressive modulus of an unseeded scaffold should be at least 100-150 kPa to
enable fibrocartilage formation.49 This finding was confirmed by another study that examined tissue
growth in high molecular weight poly(L-lactide-co-ε-caprolactone) scaffolds with different initial
compressive moduli (40 and 100 kPa).50 Materials were sutured into partial defects in the lateral
menisci of canines and tissue ingrowth was assessed. The material with a compression modulus of 40
kPa showed minimal tissue growth, while the 100 kPa sample exhibited a 50-70% increase in
fibrocartilage formation. In another study, Kang et al. investigated the use of mechanically stabilized
poly(glycolide) (PGA) scaffolds for meniscus replacement in a total meniscectomy rabbit model.51 In
previous studies, tissues that were engineered with non-woven PGA meshes did not maintain the size
and shape of the original scaffold and were unable to facilitate complete tissue repair.51 Kang and coworkers reinforced PGA meshes by bonding adjacent PGA fibers at cross points with poly(lactideco-glycolide) (PLGA). Compared to non-bonded PGA scaffolds, the compression moduli of the
reinforced scaffolds were 28 times higher (240 kPa). Ten weeks following implantation, the
stabilized scaffolds maintained their original shape and fostered the ingrowth of fibrocartilage.
Building on these findings, Tienen et al. developed a biodegradable polyurethane scaffold that had an
initial compression modulus of 300 kPa, which was well above the minimum required value of 100
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kPa. Six months following implantation in meniscectomized knee joints of a dog model, the scaffolds
were completely infiltrated by meniscus-like tissue that was abundant in type II collagen and GAG.6
In addition to their importance in determining the fate of regenerated tissue, the mechanical
properties of a scaffold are also important in ensuring that it can withstand the local stresses of the
joint.

Although a wide range of synthetic materials have been developed to respond to the physical
requirements of the knee joint, many lack the necessary biological properties to respond to cellular
stimuli. Recent studies have focused on improving these properties using approaches similar to those
used for enhancing hydrogel bioactivity. However, few have been applied to meniscus regeneration.
One group developed a cell-responsive network for engineering blood vessels by conjugating vinyl
sulfone (VS)-functionalized multi-armed PEG macromers with MMP-sensitive peptides and adhesive
RGD peptide sequences.52 At thirteen days following subcutaneous implantation in a rat model, the
synthetic networks were completely invaded by connective tissue that included extensive new
vascularization. Similar results were reported in a study conducted by Bernhardt et al. involving the
development of a collagenase-sensitive peptide-polyurethane hybrid scaffold for ligament
regeneration.53 Although these studies did not directly focus on regenerating meniscal tissue, the
results are highly relevant and applicable to meniscus repair. The addition of biological components
to synthetic materials appears to be a promising means of developing bioactive materials that are able
to control many aspects of the regenerative process and should be applied to the development of
future scaffolds for meniscus regeneration.
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Chapter 3: Project Overview
3.1

Biomaterial Design

The need for a suitable replacement material for meniscus repair remains a driving force behind the
development of novel biomaterials. Presently, emphasis has been placed on the design of synthetic
polymer-based scaffolds since they offer the distinct advantages of providing a near-limitless supply,
biocompatibility and versatility in terms of composition, degradation rate, and biomechanical
properties. Despite the recent advances discussed above, the main disadvantage of existing synthetic
polymers lies in their inability to offer both mechanical stability and bioactivity simultaneously.

3.1.1

Polymer Selection

In search of an alternative polymer, poly(1,3-trimethylene carbonate) (PTMC) has been investigated
as a starting point. PTMC is a biocompatible, enzymatically degradable polymer that has found
application in a number of medical devices including biodegradable sutures, controlled drug delivery
vehicles, and bone cement.1,3 Only recently has it gained interest as a scaffolding material tissue
engineering applications. Previously, it was considered useless for such applications due to its poor
dimensional stability, tackiness, and tendency to creep at room temperature.54 Upon cross-linking,
however, PTMC forms elastic networks that exhibit toughness, flexibility and high resistance to
compressive forces. Another advantage offered by PTMC is its low degradation rate and degradation
mechanism. TMC polymers degrade slowly through surface erosion without generating acidic
degradation products.29 This is advantageous because the mechanical properties of the material are
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maintained in the bulk of the material and are lost slowly and steadily as the network degrades.
Therefore, unlike other currently used scaffolding materials, this material will provide effective
mechanical support during meniscus regeneration, allowing for complete tissue restoration and
maintenance of joint function.

The feasibility of tailoring the physical and mechanical properties of PTMC makes it an excellent
choice for a potential scaffold material for meniscus repair. However, PTMC alone cannot stimulate
tissue regeneration due to its lack of intrinsic biological properties.

3.1.2

Biomimetic Component

In order to address the need for bioactivity, the material should be designed to mimic the cellular
processes that occur in response to injury or tissue damage. These processes must therefore be well
understood.

During injury, meniscus cells secrete and activate a number of enzymes to degrade and remodel the
existing ECM. Because the provisional ECM acts a physical barrier to these cells, invasion and
remodeling depend on the action of cell-secreted proteases to enable migration.29
Matrixmetalloproteinases (MMPs) have been identified as particularly important proteases in this
respect. MMPs are a large family of enzymes that are responsible for breaking down virtually all
components of the ECM. One prominent member of this protease family is MMP-1 or collagenase,
which degrades types I and II collagen molecules. Cleavage by MMP-1 is localized to the specific
Glycine-Isoleucine (Gly-Ile) site of triple-helical collagen.29 The levels of MMP-1 activity and
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expression in meniscus cells are elevated 30- to 40-fold in response to meniscal injury and tissue
damage.55 Cells manipulate the balance of MMP-1 and MMP-1 inhibitors to maintain an optimal
environment for tissue regeneration.

Based on this process, a scaffold for meniscus repair must display molecular signals for proteolytic
breakdown. Since the primary component of meniscal tissue is collagen, these signals should be
specific to collagenase or MMP-1. We have selected a collagenase-sensitive peptide sequence that is
found in the α1-chains of type I collagen molecules to function as the bioactive component of the
material.

3.1.3

Proposed approach

TMC polymers were synthesized by ring-opening polymerization of TMC using glycerol and fourarm poly(ethylene glycol) (4a-PEG) as initiators. Multi-arm initiators were used since they produce
star-shaped polymers, which upon cross-linking, form tightly cross-linked networks. The glycerolinitiated TMC polymers were synthesized with a target molecular weight of approximately 700 g/mol
to allow for the generation of water-soluble fragments upon degradation of the network. This
molecular weight was chosen based on a study conducted by Timbart et al., which showed that TMC
polymers with molecular weights around 620 g/mol are water soluble.56 Due to the hydrophilic nature
of PEG, the solubility of polymers initiated by 4a-PEG was measured before determining a target
molecular weight. Following polymerization, PTMC was functionalized with acrylate end groups to
enable coupling with MMP-sensitive peptides. The peptide was custom synthesized to include
cysteine residues at each end to render it reactive towards functionalized PTMC. Coupling between
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the thiol and acrylate groups was achieved using two different methods: thiol-ene photopolymerization and Michael-addition. A 1:1 ratio of thiol to acrylate was used so that networks were
formed immediately upon reaction. The resulting networks were characterized to determine their
equilibrium water contents, compressive behaviour, and MMP-sensitivity.

3.2

Objectives

The overall objective of this project is to develop a novel biomimetic material that has the potential
to function as an effective scaffold for tissue engineering the meniscus. In evaluating this material,
the specific aims of the study were:

(1)

To synthesize a biocompatible degradable material that incorporates the mechanical
strength of PTMC and the bioactivity of MMP-sensitive peptides.

(2)

To characterize the physical and mechanical properties of the material.

(3)

To determine the degradation behaviour of the material.
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Chapter 4: Materials and Methods
4.1

Materials

Trimethylene carbonate was obtained from Biomatrik, China. 4-arm polyethylene glycol was
purchased from JenKem Technology, USA. Tin (II) 2-ethylhexanoate was purchased from Alfa
Aesar, USA. Glycerol, acryloyl chloride, HPLC-grade toluene, hexylamine, 2,2-dimethoxy-2phenylacetophenone (DMPA), HEPES, sodium azide, dimethyl sulfoxide-d6, sodium phosphate,
ethylenediaminetetraacetic acid (EDTA), 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB), and 4dimethylaminopyridine (DMAP) were purchased from Sigma-Aldrich, USA. Dichloromethane, ethyl
acetate, dimethylformamide, sodium chloride, methanol, diethyl ether, and hydrochloric acid were
obtained from Fisher Scientific Canada. Triethylamine was obtained from Acros Organics, USA.
Collagenase type I from Clostridium hyistolyticum was purchased from MP Biomedicals LLC, USA.
Collagenase-sensitive peptide (GCRDGPQGIWGQDRCG) was custom synthesized by CanPeptide
Inc., Canada. Deionized water was obtained from a Milipore Milli-Q Plus ultrapure water system.
Dichloromethane was dried over molecular sieves for 72 h prior to use. All other reagents were used
as received.

4.2

Synthesis of star-poly(trimethylene carbonate)

Star-poly(trimethylene carbonate) (s-PTMC) was synthesized by the ring-opening polymerization of
trimethylene carbonate (TMC) in the melt state using glycerol and tin (II) 2-ethylhexanoate as
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initiator and catalyst, respectively. The polymer was synthesized with a target molecular weight of
700-800 g/mol, corresponding to a 6:1 molar ratio of TMC monomer to initiator.

Glycerol (0.9 g, 9.9 mmol) and TMC monomer (6.1 g, 59.8 mmol) were added to a 20 mL flamedried ampule, followed by 24 mg tin (II) 2-ethylhexanoate catalyst (4 mg catalyst/1 g TMC). The
ampule was purged with argon, flame-sealed under vacuum, and placed in a 110oC oven. After
several minutes, the ampule contents were vortexed to ensure thorough mixing of components. The
polymerization reaction was continued for 12 h. After this period, the polymer was immediately
transferred to a flame-dried round-bottom flask for acrylation.

4.3

Acrylation and characterization of s-PTMC

Acrylation of the synthesized polymer was carried out by coupling acryloyl chloride with the
terminal hydroxyl groups of the polymer in the presence of triethylamine (TEA) and 4dimethylaminopyridine (DMAP) in CH2Cl2 at room temperature. DMAP was employed as a catalyst
to deprotonate the intermediate products and TEA was included to function as a proton scavenger.

In a 250 mL flame-dried round-bottom flask equipped with a magnetic stir bar, s-PTMC was
dissolved in anhydrous CH2Cl2 (50 mL). The molar ratios of reagents were based on the initial moles
of hydroxyl groups present in the s-PTMC. Two small flakes of DMAP (1.6 mg, 0.013 mmol) were
added to the flask, which was subsequently sealed, purged with argon, and placed into a N2 -purged
glove box to ensure a dry environment for acrylation. Addition of all reagents was carried out in the
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glove box at room temperature. An equimolar amount of TEA (5.5 mL, 39.8 mmol) was added to the
stirring solution, followed by a 2-fold molar excess of acryloyl chloride (6.4 mL, 79.6 mmol).
Acryloyl chloride was added dropwise over a period of 30 minutes to control the reaction rate and to
minimize side reactions. The flask was then covered with foil and the coupling reaction was
continued for 48 h at room temperature. After this period, CH2Cl2 was removed by rotary
evaporation. The TEA HCl salt that was generated during the reaction was removed by precipitation
in ethyl acetate and subsequent filtration. The solution was then poured into a 20-fold excess of cold
methanol to remove unwanted by-products. The precipitated polymer was filtered and placed under
vacuum at 50oC overnight to dry. The final acrylated polymer (s-PTMC=) was covered with foil and
stored at -20oC to prevent premature cross-linking. The molecular weight (Mn) and degree of
acrylation were determined by 1H NMR spectroscopy. Samples were prepared at concentrations of 20
mg/mL using d6-DMSO as a solvent. Spectra were recorded on a Varian Inova 300 MHz
spectrometer. The polymer synthesis and acrylation reactions are shown schematically in Figure 4.
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Figure 4. Polymerization and acrylation of s-PTMC.

4.4

Water Solubility of acrylated s-PTMC

The water solubility of acrylated s-PTMC was determined as follows; s-PTMC= (50 mg, 66.6 mmol)
was introduced into a small centrifuge tube, followed by 500 µL of deionized water. The tube was
sealed, vortexed, and placed on a rotator at 37oC for 24 h. Following the incubation period, samples
were centrifuged at 3000 rpm for 10 min to separate dissolved and undissolved polymer. 250 µL of
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supernatant was collected, frozen in liquid nitrogen, lyophilized, and the final mass recorded. The
water solubility was calculated as;
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In Equation 1, ms is the mass of polymer dissolved in the supernatant and Vs is the volume of
supernatant sampled.

4.5

Synthesis and characterization of four-arm-poly(ethylene glycol)-blockpoly(trimethylene carbonate)

4.5.1

Method 1

Four-arm-poly(ethylene glycol)-block-poly(trimethylene carbonate) (4a-PEG-b-PTMC) was
synthesized by the ring-opening polymerization of TMC in the melt state using 4a-PEG and tin (II)
2-ethylhexanoate as initiator and catalyst, respectively. The polymer was synthesized using the same
molar ratio (16:1) as method 1. Prior to use, 4a-PEG was dried by azeotropic distillation in toluene.
4a-PEG (5 g, 2.5 mmol) and toluene (60 mL) were introduced into a 250 mL flame-dried roundbottom flask equipped with a condenser, a magnetic stirrer, and a dean-stark trap for distillate
collection. The solution was heated to 132oC under continuous stirring and distilled for 24 h. After
this period, the distillate was discarded and the remaining toluene was removed by rotary
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evaporation.The dried 4a-PEG (5 g, 2.5 mmol) was transferred to a 20 mL flame-dried ampule
containing TMC monomer (4.08 g, 40 mmol) and catalyst. The ampule was purged with argon,
flame-sealed under vacuum, and placed in a 110oC oven. After several minutes, the ampule was
vortexed and placed back in the oven for 12 h.

4.5.2

Method 1 Polymerization Kinetics

The kinetics of the TMC polymerization in the melt state were analyzed at four different time points
to determine an optimal reaction time. Samples were prepared on a 1 g scale of TMC according to
the procedure above. At predetermined times (30 min, 1 h, 1.5 h, and 2 h), samples were removed
from the oven and quenched in an ice bath. To determine monomer conversion, unpurified samples
were immediately analyzed by 1H NMR. Spectra were recorded on a Varian Inova 300 MHz
spectrometer using d6-DMSO as a solvent.

4.5.3

Method 2

4a-PEG-b-PTMC was also synthesized by the ring-opening polymerization of TMC using hydroxyterminated four-arm-polyethylene glycol (4a-PEG, Mn 2000 g/mol) as an initiator in the presence of
HClEt2O in CH2Cl2 at room temperature. HClEt2O was employed as a catalyst to enhance the
electrophilicity of the TMC carbonyl group, thereby making it more reactive towards the hydroxyl
groups of 4a-PEG. The polymer was synthesized using the same molar ratio as in method 1. 4a-PEG
was dried according to the procedure in 4.5.1.
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Anhydrous CH2Cl2 (20 mL) was added to the dry 4a-PEG, followed by TMC monomer (4.08 g, 40
mmol). The mixture was purged with argon and stirred for several minutes to allow the reactants to
fully dissolve. The polymerization was initiated by the addition of a 1.0 M solution of HCl in diethyl
ether (5 mL, 5 mmol) under argon at 25oC. After 24 h, the reaction mixture was poured into a flask
containing a 20-fold excess of cold diethyl ether to remove unreacted monomer. The flask was placed
in a -20oC freezer overnight to allow the polymer to precipitate. The precipitated polymer was
separated from the supernatant by decantation, followed by filtration. After repeating the
precipitation three times, the product was placed in a 50oC oven under vacuum and dried for 24 h. 1H
NMR analysis was performed using d6-DMSO as a solvent to determine monomer conversion and
molecular weight. This synthesis procedure was repeated using a 40:1 molar ratio of TMC to
initiator.

4.6

Acrylation of 4a-PEG-b-PTMC

Acrylation of the prepared 4a-PEG-b-PTMC was carried out through a coupling reaction between
acryloyl chloride and the terminal hydroxyl groups of the polymer, as described in section 4.3.

Briefly, 4a-PEG-b-PTMC (10 g, 2.9 mmol) and DMAP (1.6 mg, 0.013 mmol) were added to a 250
mL flame-dried round-bottom flask and dissolved in anhydrous CH2Cl2 (50 mL). The flask was then
sealed, purged with argon, and placed into a N2 purged glove box. An equimolar amount of TEA was
added to the stirring solution, followed by a 2-fold molar excess of acryloyl chloride. Acryloyl
chloride was added dropwise over a period of 30 minutes, after which the flask was covered and left
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to react for 48 h at room temperature. After this period, CH2Cl2 was removed by rotary evaporation.
The TEAHCl was removed by precipitation in ethyl acetate and subsequent filtration. The solution
was then poured into a 20-fold excess of cold diethyl ether to precipitate the polymer. The
precipitated polymer was filtered and placed under vacuum at 50oC overnight to dry. The final
acrylated polymer was covered with foil and stored at -20oC. The degree of acrylation was
determined by 1H NMR using d6-DMSO as a solvent. The polymer synthesis and functionalization
reactions are shown schematically in Figure 4.
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Figure 5. Synthesis and acrylation of 4a-PEG-b-PTMC= via two polymerization methods.

Following acrylation, the water solubility of the polymer was determined according to the procedure
described in section 4.4.
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4.7

Network formation

4.7.1

Method 1

Functionalized 4a-PEG-b-PTMC (4a-PEG-b-PTMC=) was conjugated with a collagenase-sensitive
bis-cysteine peptide (H-GCRDGPQGIWGQDRCG-OH) through a thiol-ene-based Michael addition
reaction to form a cross-linked elastomeric network. Hexylamine was employed as a base to facilitate
the formation of thiolate anions.

Networks were prepared according to the following procedure. 4a-PEG-b-PTMC= (25.0 mg, 0.007
mmol) was introduced into a 1 mL GPC vial and dissolved in 25 µL of DMF. A stoichiometric
amount of thiol groups from the collagenase-sensitive bis-cysteine peptide (24.9 mg, 0.014 mmol)
were added to the solution, followed by an additional 25 µL of DMF. After thoroughly mixing the
solution, hexylamine (3.85 µL, 0.029 mmol) was added in a 1:1 molar ratio of amine to thiol groups.
The solution was immediately vortexed and placed in a 37oC incubator. Network formation occurred
immediately following the addition of hexylamine; however, the reaction was continued for 12 h at
37oC in order to achieve maximum cross-linking.

4.7.2

Method 2

4a-PEG-b-PTMC-peptide networks were additionally formed through a thiol-ene photopolymerization reaction using 2,2-dimethoxy-2-phenylacetophenone (DMPA) as a photoinitiator. 4aPEG-b-PTMC= (25.0 mg) was added to a 1 mL GPC vial and dissolved in 25 µL of DMF. An
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equimolar amount of collagenase-sensitive bis-cysteine peptide (24.9 mg) was added to the solution,
which was then diluted with an additional 25 µL of DMF. DMPA (1 wt%) was added and the
mixture was vortexed and sonicated prior to polymerization. The viscous solution was irradiated
under 365 nm UV light at an intensity of 20 mW/cm2 for 5 min using a Lightning Cure LC8
Hamamatsu to yield a solid network. The vial was inverted and the bottom of the sample was
exposed to UV light at the same intensity for an additional 5 min.

4.8

Network characterization

4.8.1

Ellman’s Test

Ellman’s test was used to qualitatively test for the presence of unreacted thiol groups following
network formation. Ellman’s reagent solution was prepared by dissolving 4 mg of 5,5’-dithio-bis-(2nitrobenzoic acid) (DTNB or Ellman’s reagent) in 1 mL of reaction buffer containing 0.1 M sodium
phosphate and 1 mM EDTA (pH 8.0). Each sample was introduced into a glass vial containing 2.5
mL reaction buffer and 50 µL Ellman’s reagent solution. The vials were gently shaken and the colour
changes of the samples were recorded. Yellow-coloured networks indicated the presence of
unreacted thiol groups, while those that remained colourless contained little to no unreacted thiol.
The test was performed on both photo-crosslinked networks and networks formed through conjugate
addition reactions and the corresponding results were compared.

4.8.2

Soluble fraction determination
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The soluble fraction of the cross-linked networks was determined as follows. Immediately following
cross-linking, samples were frozen in liquid nitrogen, lyophilized, and their dry masses recorded. The
soluble fractions of the networks were subsequently extracted with DMF at room temperature over a
period of three days until a constant wet weight was reached. DMF was then removed under vacuum
at 50oC over 24 h. The final dry mass was recorded and the corresponding sol fraction was calculated
as,

!"#  !"#$%&'( =
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!!

×100

(2)

In Equation 2, wi is the initial dry weight of the sample and wd is the dry weight of the sample after
extraction with DMF.

4.8.3

Equilibrium water content

The equilibrium water content of the networks was determined as follows. Sol-extracted gels were
placed in deionized water for 48 h at 37oC to allow them to reach their equilibrium swelling levels.
After this period, samples were gently blotted to remove excess surface water and the wet weight of
each sample was measured. The initial dry weights were measured immediately following sol
extraction and subsequent solvent removal. The equilibrium water content was calculated as,
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(3)

In Equation 3, mw and md are the wet and initial dry weights of the samples, respectively.

4.8.4

Mechanical testing

For each network, three cylindrical 4a-PEG-b-PTMC samples (3 mm diameter, 3 mm height) were
equilibrated in deionized water for 24 h prior to measuring mechanical properties. Indentation tests
were performed on a TA-XT Plus Texture Analyzer (Stable Micro Systems, New York) with a load
cell of 5 kg. Measurements were carried out at room temperature using a cylindrical flat-ended
indenter with a diameter of 1 mm, a test speed of 0.05 mm/s, and an auto-trigger force of 0.0495 N.
Stress was measured by dividing the force generated by the material by the area of the flat-end of the
cylindrical indenter. Strain was calculated as the distance travelled by the indenter divided by the
original height of the sample. Stress-strain curves were generated for each sample. The slope of each
curve was determined by performing a linear regression of the data. The compression modulus of
each network was taken as the average slope of the three samples ± standard deviation about the
average.

4.9

Proteolytic degradation of collagenase-sensitive networks

Cross-linked networks were prepared according to the procedure described in 4.7.2. Briefly, 4a-PEGb-PTMC= (25.0 mg, 0.007 mmol) was introduced into a 1 mL centrifuge tube and dissolved in 25 µL
of DMF. Collagenase-sensitive bis-cysteine peptide (24.9 mg, 0.014 mmol) was added to the
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solution, followed by an additional 25 µL of DMF. After hexylamine (3.85 µL, 0.029 mmol) was
added, the solution was immediately vortexed and placed in a 37oC incubator for 12 h.

The soluble fraction of each sample was extracted using DMF, which was subsequently removed
under vacuum at 50oC overnight. The initial dry weights of the samples were recorded. The samples
were then placed into 1 mL of deionized water for 24 h to allow them to reach equilibrium before
their initial wet weights were measured. The swollen networks were then transferred to HEPESbuffered saline (10 mM, pH 7.4) containing 0.2 mg/mL collagenase. The solution also contained 0.2
mg/mL sodium azide (to inhibit microbial growth, which may present additional protease sources)
and 1 mM CaCl2 (required for collagenase activity). Control samples were incubated in buffer
without enzyme. Degradation of the samples was carried out in a 37oC incubator over a period of 8
days. Every 48 h, three samples (containing enzyme) and two controls (no enzyme) were removed
from the incubator and rinsed three times with deionized water to extract buffer salts and polymer
fragments. Excess surface moisture was removed and their wet weights were recorded. The samples
were then frozen in liquid nitrogen, lyophilized, and their dry masses recorded. Buffer and enzyme
solutions were replaced every 48 h.

4.10

Statistics

All measurements were made in triplicate and are reported as the average ± standard deviation about
the average. Where compared, statistically significant differences were calculated using a student’s
T-test at a 95% confidence limit.
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Chapter 5: Results & Discussion
5.1

Synthesis and characterization of acrylated star-PTMC

Acrylated star-shaped TMC polymers (s-PTMC) were synthesized through a two-step process. In the
first step, TMC was polymerized in the melt state to yield a three-armed hydroxyl-terminated TMC
polymer using glycerol as an initiator and tin (II) 2-ethylhexanoate as a catalyst. The polymer was
synthesized using a 6:1 molar ratio of TMC to initiator in order to yield a low molecular weight,
water-soluble polymer. Figure 5 shows the 1H NMR spectrum of the polymer immediately following
polymerization. The number average molecular weight of the polymers was determined from the
spectrum by comparing the integrals of the terminal hydroxyl peak at 4.54 ppm (labeled A) and the
methylene protons of the TMC units at 4.2 ppm (B). Based on this analysis, the total number-average
molecular weight was calculated to be approximately 700 g/mol.
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Figure 6. 1H NMR spectrum of s-PTMC-OH in d6-DMSO.

In the second step, the hydroxyl-terminated polymers were end-functionalized with acrylate groups
using acryloyl chloride in the presence of TEA and DMAP. A 2-fold molar excess of acryloyl
chloride was used in order to reach high degrees of functionalization. The 1H NMR spectrum of the
final acrylated polymer is shown below in Figure 6. The acrylate protons are represented by the three
sets of peaks at 6.0-6.4 ppm (labeled A). Based on the integrals of these peaks, the degree of
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functionalization was determined to be greater than 83%. This was further confirmed by the
disappearance of the terminal hydroxyl peak at 4.54 ppm, indicating near-complete conversion of
hydroxyl groups. Upon macroscopic inspection, the polymer was a clear, yellow, viscous liquid. The
yellow colour is a typical consequence of acrylation reactions and is attributed to a coloured complex
formed between acryloyl chloride and TEA.
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Figure 7. 1H NMR spectrum of acrylated s-PTMC in d6-DMSO.

The water solubility of the resulting functionalized polymer after 24 h at 37oC was determined to be
6.8 ± 0.9 mg/mL. Despite having a low molecular weight, the polymer did not possess high aqueous
solubility due to the hydrophobic nature of TMC. Therefore, upon degradation of the network, the
resulting degradation products would not be sufficiently soluble to be absorbed and eliminated by the
body. To improve the water solubility of the polymer, it was necessary to incorporate a hydrophilic
component. 4a-PEG (2000 g/mol) was investigated as a possible alternative to glycerol as an
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initiator. 4a-PEG is a hydrophilic, biocompatible polymer that posseses high aqueous solubility. By
incorporating 4a-PEG into the network, the ratio of hydrophilic to hydrophobic components could be
tailored to achieve optimal solubility. Additionally, the use of a multi-arm PEG would enable highly
cross-linked networks to be formed immediately upon cross-linking.

5.2

Synthesis and characterization of 4a-PEG-b-PTMC=

4a- PEG-b-PTMC block copolymers were initially synthesized by the ring opening polymerization of
TMC in the melt state using 4a-PEG as an initiator. Prior to polymerization, 4a-PEG initiator was
subjected to azeotropic distillation to remove trace water. Polymers were synthesized using 16 moles
of TMC monomer per 1 mole of initiator. The reaction was continued for 12 h at 110oC, similar to
the polymerization using glycerol. When removed from the oven after this period, the polymer
appeared to have undergone cross-linking. The gel was immobile and retained its shape after
removing it from the ampule. To test this theory, the gel was placed in CH2Cl2 and stirred for 24 h.
Cross-linked networks are distinguishable from uncross-linked polymers in that they do not dissolve
in any solvents. After 24 h, the network had swollen, but maintained its shape and remained
insoluble. This result was unexpected, as many melt polymerizations have been successfully carried
out under these conditions without reports of cross-linking. In order to analyze the reaction more
closely, a kinetics experiment was performed.

5.2.1

Melt polymerization kinetics
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A series of melt polymerization reactions were carried out to examine the time dependence of
monomer conversion. At pre-determined time points, samples were quenched in an ice bath and
immediately analyzed by 1H NMR (see Figure 7 below). Monomer conversion was calculated as the
ratio of integrals of the TMC monomer peak at 4.4 ppm to the TMC polymer peak at 4.2 ppm.
Alternatively, the ratio could also be calculated using the TMC monomer and polymer peaks at 2.05
and 1.95 ppm, respectively. The trend is illustrated in Figure 7.

Figure 8. Monomer conversion over time during melt polymerization (based on 1 g scale). Spectra
are recorded in d6-DMSO. Arrows show TMC monomer peaks decreasing with polymerization time.
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Figure 9. Percent monomer conversion during melt polymerization of 4a-PEG-b-PTMC= over time
(based on a 1g scale TMC monomer).

The polymerization reaction proceeded rapidly and complete monomer conversion was achieved
after ~1.5 h. However, at this point, the polymer had already started to cross-link. Evidence of this
cross-linking could be found in the NMR spectra. In the uncross-linked polymer, the terminal
hydroxyl group was represented by a distinct triplet at 4.54 ppm. As the polymerization reaction was
continued, this triplet changed into a skewed triplet at 1 h to two slightly offset triplets at 1.5 h. This
finding suggested that a new source of hydroxyl group was being introduced, thus resulting in two
overlaid triplets. This new hydroxyl group may have been a by-product of an intramolecular crosslinking reaction (Figure 9). In addition, as more hydroxyl-containing by-products were produced, a
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corresponding increase in the integral of the terminal methylene protons was observed at 3.4 ppm,
which is also consistent with our proposed intramolecular cross-linking mechanism.
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Figure 10. Proposed intramolecular cross-linking reaction during melt polymerization.
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When polymerization nears completion, the TMC available for reaction is almost depleted.
Therefore, the hydroxyl ends of the polymer may alternatively react with a carbonyl group of a
nearby polymer, yielding a diol and a chain-extended polymer. This diol would present an additional
source of hydroxyl protons, which would slightly differ in chemical shift due to the different
chemical environment of its protons. The methylene units adjacent to the hydroxyl groups would also
appear in the NMR spectrum at a shift similar to the PEG protons (3.4 ppm).

5.2.2

Solution polymerization

Due to the unexpected results of the melt polymerization, 4a-PEG-b-PTMC-OH was synthesized
using a different polymerization method. 4a-PEG-b-PTMC-OH star block copolymers were
synthesized in solution using CH2Cl2 as a solvent in the presence of HCl-Et2O at room temperature.
Two polymers were synthesized with different molar ratios of TMC monomer to 4a-PEG initiator in
order to examine the effects of TMC content on material properties. The first polymer was prepared
with a target ratio of 16 moles of TMC per mole of 4a-PEG initiator, corresponding to a total
molecular weight of 3600 g/mol (herein referred to as 4a-PEG-b-PTMC-4). The second polymer was
prepared with a target molar ratio of 40:1 and a molecular weight of 6000 g/mol (4a-PEG-b-PTMC9). Figure 10 shows the 1H NMR spectrum of 4a-PEG-b-PTMC-4 following purification. The block
copolymer exhibited characteristic peaks of PTMC and 4a-PEG. The peaks at 3.5 ppm correspond to
the main chain PEG methylene protons (A, B). The signal assignable to the terminal PEG methylene
protons, adjacent to the first TMC repeat unit, was observed around 3.6 ppm (C). The molecular
weight was calculated using the integrals of the peaks corresponding to the terminal PEG methylene
protons (C) and the methylene protons of the TMC units at 4.2 ppm (F, D). Figure 11 summarizes the
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polymerization results for both polymers. The molecular weights determined by NMR end-group
analysis were close to the theoretical values based on the molar feed composition. After 24 h, the
yields of 4a-PEG-b-PTMC star block copolymers reached near quantitative conversion. At room
temperature, the resulting polymers were clear, colourless viscous liquids. Solution polymerization
proved to be an efficient way to prepare 4a-PEG-initiated TMC polymers. In addition, this method
avoided the use of metal-based catalysts, which can cause adverse effects in vivo.46
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Figure 11. 1H NMR spectrum of 4a-PEG-b-PTMC-4 in d6-DMSO. R represents the arms of the starshaped polymer (identical to the structure shown above).
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Figure 12. Results of solution polymerization with different ratios of TMC to 4a-PEG initiator.
Polymer

Target

Actual (NMR)

Mn

TMC: Initiator arm

TMC: Initiator arm

(g/mol)

4a-PEG-b-PTMC-4

4:1

4.16 : 1

3697

4a-PEG-b-PTMC-9

10 : 1

~9 : 1

5549

The polymers were subsequently end-group functionalized using acryloyl chloride in the presence of
TEA in CH2Cl2. 1H NMR spectroscopy confirmed functionalization of the polymers (Figure 12).
Acrylate groups were observed between 6.0-6.4 ppm (labeled I). Signals correlating to methylene
protons of the terminal TMC residue (labeled H), shifted downfield as a result of the neighboring
acrylate group. The degree of acrylation was calculated by comparing the respective integrals of the
TMC polymer peak at 4.2 ppm and the acrylate peaks. Figure 11 summarizes the results and shows
that both polymers reached functionalization values of greater than 86%. This was further evidenced
by the disappearance of the methylene peak of the terminal TMC unit at 1.75 ppm, as well as the
disappearance of the hydroxyl peak at 4.54 ppm. At room temperature, both polymers were clear,
yellow, viscous liquids, with the higher molecular weight polymer having a slightly higher viscosity.
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Figure 13. 1H NMR spectrum of 4a-PEG-b-PTMC=4 in d6-DMSO. R represents the arms of the starshaped polymer (identical to the structure shown above).

One of the characteristics of s-PTMC we had hoped to modify with the synthesis of 4a-PEG-PTMC
copolymers was the water solubility. As discussed earlier, this property is important so that upon
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degradation of the network, water-soluble polymer fragments are generated, which can be absorbed
and eliminated by the body. Although s-PTMC= was synthesized with a low molecular weight, the
ratio of hydrophilic to hydrophobic components in the polymer was too low to provide sufficiently
high water solubility. We aimed to improve this solubility by using 4a-PEG (Mn 2000 g/mol), a
hydrophilic, highly water-soluble species, as an initiator in place of glycerol. The solubility of the 4aPEG-b-PTMC= polymers were measured at several concentrations ranging from 50 mg/mL to 200
mg/mL. 4a-PEG-b-PTMC=4 was immediately soluble at all concentrations tested. For 4a-PEG-bPTMC=9, the incorporation of additional TMC units per arm did not appear to have a significant
impact on solubility. 4a-PEG-b-PTMC=9 also dissolved at all concentrations, but took slightly longer
to reach complete dissolution. Nevertheless, the solubilities of both block copolymers were
considerably higher than that of s-PTMC due to the presence of hydrophilic 4a-PEG.

5.3

Evaluation of network formation methods

After successfully preparing functionalized 4a-PEG-b-PTMC polymers, they were subsequently
reacted with bis-cysteine collagenase-sensitive peptides (GCRDGPQGIWGQDRCG) to yield
bioactive networks. The peptide employed is a fast-degrading substrate for several members of the
MMP family, including MMP-1and MMP-8, and is derived from a sequence found in the alpha-1
chain of type I collagen molecules (GPQGI~AGQ). A mutated version of this peptide
(GPQGI~WGQ) was chosen because it possesses higher sensitivity to MMPs and thus may lead to
enhanced cellular invasion responses in vivo.57 The peptide was custom synthesized by CanPeptide
Inc. (Montreal, Que). The peptide was modified through the addition of cysteine residues to each
end. Cysteine residues provided thiol groups that were used to conjugate the peptide to the
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functionalized polymers through a thiol-ene reaction. Two different reaction mechanisms were
investigated in this study: thiol-ene photo-polymerization and thiol-ene Michael addition.

Photo-polymerization serves as an efficient method for network preparation. Photo-initiated reactions
are advantageous over traditional polymerization methods since they occur rapidly under mild
conditions and provide spatial and temporal control over reaction kinetics. As a result, multi-layered,
three-dimensional devices with complex geometries and depths exceeding 10 cm can be formed upon
exposure to UV light.58 A typical photo-polymerization reaction proceeds through a free-radical stepgrowth mechanism involving three steps: initiation, propagation, and termination. During initiation, a
thiyl radical is formed in the presence of photo-initiator and UV light. This radical subsequently
reacts with an acrylate group to generate a carbon-based radical, which in turn reacts with another
thiol group to generate a new thiyl radical. These steps are repeated until a termination step is
reached, wherein the remaining radicals combine to form a single chain. The functionalized polymers
and bis-cysteine peptides reacted rapidly to form covalently cross-linked networks when exposed to
UV light. Even with low photo-initiator concentrations and light intensities, the reaction yielded
cross-linked networks within seconds.

Cross-linked networks were also successfully formed through base-catalyzed Michael addition
reactions. These reactions proceeded through an anionic step-growth propagation mechanism. In this
process, a thiolate ion reacts with an electron-deficient double bond to form a carbon-based anion,
which subsequently reacts with another thiol group to generate a new thiolate ion. The repetition of
these events leads to the formation of a highly cross-linked, homogeneous network. Samples
prepared using this method were catalyzed by hexylamine, which promoted a rapid 1:1 addition of
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thiol to acrylate groups. Network formation was observed immediately following addition of catalyst,
however, the reaction was continued for 12 h to achieve optimal cross-linking. In both cases, clear,
highly cross-linked, resilient materials were formed. To compare the efficiency of these methods,
thiol conversion and sol content were assessed.

Normally, thiol conversion can be determined by examining the disappearance of a thiol absorbance
peak in an IR spectrum. However, in the case of a cross-linked network, the cysteine thiols
comprised a small fraction of the networks and therefore yielded small and relatively insignificant
absorbance peaks. To overcome this limitation, samples were analyzed using an Ellman’s test.
Ellman’s reagent, also known as 5,5’-dithio-bis-(2-nitrobenzoic acid) or DTNB, is a versatile watersoluble compound that is used in qualitative and quantitative assays of cysteine thiols in proteins due
to its specificity for sulfhydryl groups.59 In solution, DTNB reacts with the conjugate base of a free
thiol group to yield a measurable yellow-coloured product known as 2-nitro-5-thiobenzoic acid
(TNB) (see Figure 13). This intense colour change formed the basis of our qualitative test for
unreacted thiol groups.
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Figure 14. Reduction of Ellman’s reagent. R represents the bis-cysteine collagenase-sensitive
peptide.

A sample network prepared by each polymerization method was equilibrated in water and
subsequently placed into a solution containing Ellman’s reagent. The photo-polymerized sample
changed from an opaque white colour to a bright yellow colour upon exposure to Ellman’s reagent,
indicating the presence of unreacted thiol. Conversely, the sample prepared via conjugate addition
remained clear and colourless, indicating near complete conversion of thiol groups. Based on these
results and the mechanism of each polymerization method, it was determined that the photopolymerized sample underwent homopolymerization of acrylates in addition to thiol-ene
polymerization. Similar to a classical photo-initiated step-growth polymerization, propagation and
chain transfer occur sequentially. However, an additional propagation step occurs in a thiol-acrylate
polymerization due to the ability of the acrylate groups to react with carbon-based radicals instead of
thiyl radicals.59 This additional reaction results in acrylate homopolymerization, similar to the chaingrowth polymerization mechanism of pure acrylates.58 Consequently, this produces high molecular
weight TMC segments in the network and decreases the ability of the network to absorb water.
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Additionally, it results in a non-uniform distribution of degradable peptide linkages. Conversely,
little to no unreacted thiol was observed in networks prepared by conjugate addition, indicating
complete conversion of functional groups. This method of preparation allowed for better control of
the cross-linking density and corresponding material properties than the photo-initiated reactions.
The addition mechanism produced more homogenous networks, with degradable segments
incorporated between each polymer, eliminating the high molecular weight degradation products and
ensuring uniform distribution of peptide linkages.

The soluble fraction of each sample network was measured to further compare the efficiency of each
polymerization method. During the polymerization reaction, the reacting mixture contained
functionalized polymers, bis-cysteine peptide, and polymers linked together by peptide. When the
reaction proceeded to the gel point, a sufficient number of cross-links were formed to produce a
macromolecular network. Subsequently, the mixture contained both a gel fraction, consisting of the
polymer network, and a sol fraction, which contained unreacted polymer and peptide. By comparing
the corresponding sol fractions of each polymerization method, their relative efficiencies could be
determined. The sol fractions of both networks were calculated as the ratio of the initial dry weight to
the dry weight of the sample following extraction of the sol content with DMF. The values were 22.7
± 2.0% and 8.9 ± 1.6% for the photo-polymerization and conjugate addition methods, respectively.
The lower sol fraction of the conjugate addition networks, relative to the photo-crosslinked networks,
indicated its higher efficiency in producing networks. Therefore, this method was selected to prepare
networks for subsequent analysis.
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5.4

Network characterization

5.4.1

Equilibrium water content

Following sol removal, the equilibrium water content (EWC) of each network was measured by
calculating the ratio of the weight of water in the swollen sample to the total wet weight of the
sample at 37oC. The EWC of a material is an important parameter to consider in the design of a
scaffold for meniscus regeneration. Water is the main component of the meniscus and allows for the
diffusion of solute molecules throughout the tissue. It accounts for 70% of the total wet weight of the
tissue.3 Therefore, a potential scaffold material should possess an EWC that is consistent with this
value. The network synthesized using 4a-PEG-b-PTMC=4, herein referred to as 4a-PEG-b-PTMCPep-4, had an equilibrium water content of 49.6 ± 2.4%. The network prepared with 4a-PEG-bPTMC=9 (4a-PEG-b-PTMC-Pep-9), had a similar EWC of 53.9 ± 1.9%. Although the values were
not statistically different (p>0.05), the slight disparity is most likely attributable to the difference in
cross-link densities. The amount of water that a network can retain is dependent on the polymer
composition, as well as the cross-link density. As the degree of cross-linking increases, the number
of cross-links in the network increases, which in turn causes the chains between cross-links to
become smaller. With smaller chains, the extent to which they can extend to accommodate a higher
volume is limited and thus, limits the amount of water the network can hold. Since 4a-PEG-b-PTMCPep-4 had a higher cross-link density, its ability to hold water was less than that of 4a-PEG-b-PTMCPep-9, which explains its slightly lower EWC. Despite this difference, both networks had relatively
high EWCs that were only slightly below that of native tissue.
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5.4.2

Mechanical properties

In addition to having a high EWC, a material must possess high mechanical strength. The meniscus
plays a crucial role in the knee joint by absorbing and transmitting 50% of a person’s body weight
between the femur and tibia.5 Therefore, it is imperative that a potential scaffold material has
adequate mechanical properties to resist these forces. This study focused on recapitulating the
compressive properties that dominate in the inner avascular regions of tissue since this region has the
highest susceptibility to tears and lacks the intrinsic healing capacity of peripheral tissue. According
to literature, human menisci resist compression with a modulus of 100-150 kPa.6 Setton et al. also
determined that a scaffold must meet or exceed this minimum value in order to permit fibrocartilage
formation.49

The compression moduli of the networks developed in this study were measured using indentation
testing. For each network, three equilibrium-swollen samples were indented with a 1mm diameter
flat-ended cylindrical indenter to generate stress-strain curves. Linear regressions were performed to
determine the slopes of these curves. The compression modulus of each network was calculated as
the average slope ± standard deviation about the average.
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Figure 15. Representative stress-strain curve for 4a-PEG-b-PTMC-Pep-4. Red data points represent
the toe region. Blue data points represent linear region. The slope was measured from a linear
regression of the blue data points.

4a-PEG-b-PTMC-Pep-4 possessed a compression modulus of 1418 ± 128 kPa, while 4a-PEG-bPTMC-Pep-9 possessed a modulus of 742 ± 130 kPa. 4a-PEG-b-PTMC-Pep-9 exhibited excellent
toughness and resistance to compression, as well as non-permanent deformation. Upon removal of
stress, the network immediately returned to its original shape without undergoing permanent
deformation. 4a-PEG-b-PTMC-Pep-4 exhibited similar properties but lacked the elasticity of 4aPEG-b-PTMC-Pep-9 and exhibited brittle behaviour. When pressed between two fingers, the
material resisted compression only to a certain point, after which it fractured. Its brittle behaviour, in
addition to its higher compression modulus, is a manifestation of its higher cross-link density. When
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the cross-link density of a network is increased, the extent to which the chains can move and adopt
new conformations to resist forces is very limited.49 Thus, the chains are highly susceptible to
fracture. In this respect, the mechanical properties of 4a-PEG-b-PTMC-Pep-9 are better suited to
meniscus regeneration than those of 4a-PEG-b-PTMC-Pep-4. In addition, the compression modulus
of 4a-PEG-b-PTMC-Pep-9 is more consistent with native tissue values than 4a-PEG-b-PTMC-Pep-4,
but is still considerably greater. Further investigations will be necessary to determine the effect of a
higher-than-normal modulus on tissue repair.

Nevertheless, the ability of the PTMC to form mechanically robust networks was clearly
demonstrated in this study. Compared to previously studied materials, which have attained
compression moduli in the range of 40-240 kPa51,50, the moduli of the prepared TMC networks were
significantly higher. These results illustrate the enhanced mechanical strength imparted by TMC.
Zhang et al. reported similar results when they compared the mechanical behaviour of networks
based on acrylated triblock copolymers of TMC-PEG-TMC and networks based on PEG alone.60 The
incorporation of TMC resulted in substantial increases in compression moduli, fracture stress, and
toughness, when compared to PEG counterparts.60

5.4.3

Proteolytic degradation

In order to satisfy the requirement of bioactivity, a material must possess molecular signals to
stimulate cell-mediated tissue regeneration. In the meniscus, tissue regeneration is initiated by the
degradation of the provisional matrix by MMPs, specifically collagenase. We aimed to mimic this
process by incorporating collagen-derived MMP-1-sensitive peptide substrates in the networks.
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These peptides also served to control the degradation of the networks. The degradation rate of a
material is a critical factor in meniscus regeneration. Following implantation, the scaffold must
gradually be populated by cells and replaced with tissue. Therefore, it is important that this
replacement takes place at an appropriate rate. Premature degradation, for instance, may lead to
collapse of the implant if the newly generated tissue has not reached adequate mechanical strength.61
Contrarily, a long degradation time may delay or interrupt the development of new tissue.61

To test the sensitivity of the materials to collagenase (MMP-1) and to assess their degradation
profiles, samples were subjected to collagenase treatment. Networks were equilibrated in HEPESbuffered saline for 24 h and subsequently degraded in 0.2 mg/mL collagenase. Degradation profiles
of the networks were studied by measuring changes in dry weight over 8 days. Negative controls
were subjected to buffer without collagenase. The mass loss profiles of both networks are shown
below in Figure 15.
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Figure 16. Mass loss profiles of 4a-PEG-b-PTMC-Pep-4 and 4a-PEG-b-PTMC-Pep-9 networks over
8 days.

Both networks exhibited rapid degradation rates and were almost completely degraded by day 8.
Interestingly, 4a-PEG-b-PTMC-Pep-9 had an average mass loss rate (10.4%) that was slightly lower
than that of 4a-PEG-b-PTMC-Pep-4 (11.9%). The difference in rates, however, was not statistically
significant (p>0.05). Based on the lower cross-link density and higher EWC of 4a-PEG-b-PTMCPep-9, we expected to observe an increased degradation rate due to ability of the enzyme to penetrate
the bulk of the network. The decreased rate that was observed may be a result of the different ratios
of hydrophilic to hydrophobic components in the networks. Since network B possesses a higher ratio
of TMC to PEG components, it is slightly more hydrophobic than network A. This increase in
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hydrophobicity may have rendered the network less susceptible to enzymatic attack. Despite this
difference, both networks exhibited near constant rates of mass loss, indicated by the linear trend of
the data. Images of the degraded samples and controls are shown below in Figure 16. All samples
shrunk in size and maintained their overall shape throughout degradation. Based on this observation,
it was concluded that degradation proceeded through a surface erosion mechanism. This mechanism
is ideal for a meniscus scaffold because the mechanical properties are maintained in the bulk of the
network and decrease slowly and linearly as the polymer degrades.

Day 2

Day 4
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Day 6

Day 8
Figure 17. Photos of network A samples taken on days 2, 4, 6, and 8 during degradation study.
Samples subjected to collagenase are shown on the left and the corresponding controls are on the
right.

Degradation appeared to be controlled by the cleavage of the MMP-1-sensitive substrates since no
considerable weight changes were observed in controls. The rapid degradation rates are most likely
attributed to the presence of multiple degradable peptide links in the networks and the high
concentration of collagenase used. The concentration used in this study was chosen to be consistent
with literature values for similar studies. However, it is significantly greater than concentrations
found in the synovial fluid of both normal and damaged knee joints.62 As reported earlier, the level of
MMP-1 expression and activity within knee joints increases 30-40-fold following injury. Maeda et
al. reported these elevated concentrations to range from 97 ng/mL to 3723 ng/mL, depending on the
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extent of joint damage.63 Therefore, the rapid degradation rate observed in this study does not
accurately reflect the rate that would be observed in vivo. To obtain a more realistic representation of
the degradation rate, different collagenase concentrations should be tested in the range of
concentrations found in damaged joints.

After determining the degradation rate of the material, it should be tuned to match the rate of tissue
formation. According to literature, complete tissue formation is achieved in vivo by 12-18 weeks,
depending on the type of scaffold used.64,65 Therefore, full degradation should take place over this
period of time. The materials formed in this study may be modified in a number of ways to attain an
appropriate degradation rate. These methods include modifying the cross-link density, altering the
ratio of hydrophilic to hydrophobic components, decreasing peptide concentration in the network, or
using a peptide substrate that exhibits decreased sensitivity to collagenase.
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Chapter 6: Conclusions and Future Work
6.1

Conclusion

Functional menisci are of critical importance to healthy functioning of the knee joint. Due to the
prevalence of meniscal injuries and the inadequacies of existing treatments, current research efforts
have focused on tissue engineering to generate functional tissue replacements. A variety of scaffold
materials are currently under investigation for this application including decellularized meniscal
tissue, hydrogels, and recently, synthetic polymers. The applicability of existing scaffolding
materials, however, remains very limited since they often lack the required mechanical and biological
properties. The proposed PTMC-based material developed in this study has the potential to address
both of these shortcomings. PTMC is a slow-degrading, biocompatible material that offers the
flexibility and mechanical strength required to provide long-term mechanical support during tissue
regeneration. While PTMC alone is unable to support cellular activity, when it is conjugated with
molecular signals for proteolytic degradation, PTMC offers the potential to function as a
mechanically robust, bioactive scaffold.

Star-shaped TMC polymers were successfully synthesized by ring-opening polymerization of TMC
in solution. Polymers were subsequently end-functionalized with acrylate groups for facile coupling
with bis-cysteine peptides. Two different coupling methods were investigated to prepare cross-linked
networks: thiol-ene photo-polymerization and thiol-ene Michael addition. Photo-polymerization
resulted in the rapid formation of tightly cross-linked networks. However, these networks possessed
high soluble contents, unreacted thiol, and regions of high molecular weight PTMC. Conversely,
networks prepared through Michael-addition reactions had low sol contents, high degrees of thiol
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conversion, and uniform distributions of peptides. Therefore, the latter method was selected to
prepare networks for further analysis. Networks possessed high equilibrium water contents and
exhibited excellent toughness, elasticity, and high resistance to compression. The compression
moduli of the materials ranged from 700-1000 kPa, depending on the cross-link density. These
values are significantly greater than those reported for currently used scaffold materials, highlighting
the superior mechanical properties of the material. In order to assess the bioactive component of the
material, networks were subjected to collagenase treatment over a period of 8 days. The results of
this degradation study demonstrated the high sensitivity of the networks to MMP-cleavage.
Therefore, it is anticipated that the materials will also be responsive to MMPs secreted by cells in
vivo.

The approach described in this proposal has the potential to address the limitations of existing
scaffold materials for mensicus regeneration. Unlike other scaffold materials, the material designed
in this study offers the long-term mechanical support and biological properties that are necessary to
enhance the repair of damaged tissue. If this material is successful, not only will it provide an
invaluable treatment solution for meniscus injuries, but it may also offer the potential to serve in a
variety of biomedical applications outside of meniscus repair.

6.2

Future Work

While the results of this study demonstrated the mechanical integrity of the materials, it will be
necessary to further explore the effect of mechanical properties on tissue growth since the
compression moduli of the materials are significantly greater than native tissue. Additionally, it may
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be useful to explore different ways of modifying mechanical properties, while still maintaining high
compressive strength. These may include altering the ratio of initiator to TMC, modifying the crosslink density, copolymerizing TMC with different monomers, or exploring different linear and multiarm initiators. Investigation with different monomer ratios may also be beneficial in improving the
equilibrium water content of the networks. The creep and recovery deformation behaviour of the
material should be investigated to determine its ability to withstand continuous compressive loading.
The material should be designed to possess a recoverable creep value that is consistent with native
tissue. Aside from mechanical properties, further degradation studies should be performed to
determine an accurate degradation rate for the material. The material should be treated with various
concentrations of collagenase that are more representative of those found in damaged joints. In
addition, the concentration of peptides in the material should be varied to determine the effect of
peptide content on the degradation rate. This degradation rate should be fine-tuned to match the rate
of tissue growth in the scaffold. In vitro culture experiments should be performed to determine the
rate of tissue formation and to gain a better understanding of the cell behaviour in response to the
material. The material may be modified to include specific cellular adhesion peptides such as RGD,
which may further enhance cell responses. Following culture experiments, the resulting tissue should
be analyzed with respect to collagen and GAG content and mechanical properties to confirm that the
resulting tissue is compositionally and functionally similar to native meniscal tissue. Although the
material is still in its early stages of development, with further optimization it may prove to be a
viable option as a scaffold material for meniscus regeneration.
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