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ABSTRACT

Tissue engineering using cell-seeded biodegradable scaffolds offers a new bone 
regenerative approach that m ight circum vent m any o f the lim itations o f current 
therapeutic modalities. This thesis reports on a num ber o f in vitro and in vivo aspects of 
bone tissue engineering using collagen-glycosam inoglycan scaffolds and bone marrow 
derived, m urine m esenchymal stem cells.

The work presented in chapter 3 quantified the dim ensional changes as a result o f cell- 
mediated contraction in m esenchymal stem cell-seeded collagen-glycosam inoglycan 
scaffolds when cultured in osteoinductive factor-supplem ented medium. The effect of 
cells originating from different donors on the scaffold contraction was also examined. 
Three experimental groups were used; non-seeded scaffolds (Group 1), seeded scaffolds 
which were m aintained in standard culture medium for 4 weeks (Group 2), and seeded 
scaffolds which were m aintained in osteoinductive factor-supplem ented medium for 4 
weeks (Group 3) i.e. a tissue engineered group which allowed matrix deposition and 
m ineralisation upon the scaffolds prior to im plantation. Each group com prised 3 scaffolds 
o f each o f the following diameters (6 mm, 10 mm, 13 mm, and 16 mm) for a total of 12 
scaffolds in each group. After 4 weeks in culture, seeded scaffolds displayed significantly 
greater contraction than the cell-free scaffolds (P < 0.0001). However, the difference 
between the percentage reduction in diam eter o f scaffolds in group 2 (49.11 ± 2.36 %) 
and in group 3 (44.26 ± 2.68 %) was not significant. Scaffolds with larger diameters 
showed substantially more contraction than scaffolds with sm aller diameters (P < 0.001). 
Sim ilar amounts of contraction were reached when the scaffolds were seeded with cells 
originating from different donors (P < 0.32).

The aim o f the study described in chapter 4 was to exam ine the early healing events 
around m esenchymal stem cell-seeded collagen glycosam inoglycan scaffolds when 
implanted in 5 mm critical size rat calvarial defects. A num ber of groups were analysed 
consistent with the groups described above. Defects were left em pty to serve as controls 
(n = 11) or filled with either cell-free scaffolds (n = 12), ce ll-seeded  scaffolds (n = 9), or 
tissue engineered constructs i.e. cell-seeded scaffolds that were m aintained in 
osteoinductive factor-supplem ented m edium  for 4 weeks prior to im plantation (n = 9). 
The animals were sacrificed at 7 days after surgery and specimens were prepared for 
histological analysis. After 7 days in vivo, the defects in the control group healed with a 
thin fibrous tissue. The collagen-glycosam inoglycan scaffolds in the test groups 
m aintained their integrity, appeared populated with host cells and preserved the three 
dimensional form of the defects. The cell-seeded scaffolds induced more inflam m atory 
response com pared to the cell-free scaffolds. New blood vessels and areas o f early bone 
formation were also evident in the cell-seeded scaffolds.

In chapter 5, the capacity o f  collagen-glycosam inoglycan scaffolds, with or without 
mesenchymal stem cells, to satisfactorily repair a 5mm rat calvarial defect was examined. 
44 W istar rats were used in this study. The same groups as above were analysed. 
Following a healing period o f 12 weeks, all the test groups showed significantly more
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bone formation com pared to the em pty defect control group which healed with a thin 
fibrous tissue. The cell-free scaffolds, however, resulted in significantly more new bone 
formation than any other group (P  < 0.0001). Com parable levels o f new bone healing 
were produced by cell-seeded scaffolds that were precultured in standard culture medium 
and those precultured in the presence of osteoinductive factors {P < 0.709).

Finally, in chapter 6, the healing response o f unm ineralised cell-free collagen- 
glycosam inoglycan scaffold was com pared with autogenous bone (n = 12) and a 
com m ercially available mineralized collagen-glycosam inoglycan scaffold (n = 12). 
Following 12 week implantation in a 5mm rat calvarial defect, com parable results of 
com plete bone healing were obtained using unm ineralised cell-free collagen- 
glycosam inoglycan scaffold and autogenous bone (P < 0.796). On the other hand, 
percentage of bone healing and bone area within the defect were significantly lower in 
the m ineralized scaffold group as com pared with those when unm ineralised collagen- 
glycosam inoglycan scaffold {P < 0.0001) or autogenous bone (P  < 0.0001) were used.

In conclusion, the results of this research have dem onstrated that a collagen- 
glycosam inoglycan scaffold is capable o f repairing a 5 mm rat calvarial defect as 
effectively as autogenous bone. The scaffold showed favourable osteoconductive 
properties, biocom patibility and degradability. Interestingly, seeding the scaffold with 
precultured mesenchymal stem cells prior to im plantation offered no beneficial effect and 
resulted in incom plete healing o f the defect. Furtherm ore, the results dem onstrate that this 
unm ineralised collagen-glycosam inoglycan scaffold results in superior healing o f a defect 
than a com m ercially available m ineralized collagen-glycosam inoglycan scaffold 
dem onstrating the potential o f these m aterials to act as bone graft substitutes and 
facilitate bone tissue repair.
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Chapter 1

Introduction and review of the
literature



1.1 Introduction

Bone is one of tiie few organs that retains the potential for regeneration into adult life, 

and is the only tissue that can undergo continual rem odeling throughout life. For the 

most part, fractures in healthy individuals are able to heal themselves. O f the 5.6 

million fractures sustained annually, the vast majority heal uneventfully with standard 

fracture managem ent (Einhom  1995). However, failure of this regenerative process 

may occur and have a significant impact on all measures of patient outcome.

The molecular mechanism underlying bone form ation is a com plex and highly 

coordinated process. During skeletogenesis, bone formation can occur through two 

different pathways, intramembranous ossification or endochondral ossification (Olsen 

et al. 2()00). In the case of intramembranous ossification (e.g. the flat bones o f the 

skull, the mandible, part o f the clavicle), osteogenesis occurs directly in condensations 

o f mesenchymal cells (Reddi 1998; Ducy et al. 1999). With endochondral ossification 

(e.g., long bones), mesenchymal cells first form a cartilage anlage prefiguring the 

future skeletal elements, and then bone is form ed to replace the cartilage (Reddi 1998; 

D u cy e ta l. 1999).

Bone regeneration following a fracture progresses through sequential phases similar 

to endochondral ossification, starting with initial rapid inflam m atory response 

(minutes to hours), production of growth and differentiation factors and activation of 

local pluripotent cells (Figure 1.1). By day three, these cells have become adherent 

and reach maximal proliferation (Reddi 2001). By day five, chondroblasts begin to 

differentiate. Days seven and eight bring maximal chondrogenesis. On day nine, 

cartilage hypertrophy as well as mineralization has begun. Angiogenesis then sets the
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stage for osteoblast differentiation on days 10-11. The process of remodeling is then 

begun on the endochondral bone. Although the molecular events underlying bone 

regeneration remain undefined, it is generally postulated that osteogenesis is a 

sequential multistep cascade that recapitulates most, if not all, of the cellular events 

occurring during embryonic skeletal development (Reddi 1998; Olsen et al. 2000).

groHih fa clors

CTI

I M P s \  I I .  IB

hone regeneration, remodelling 
and repair

Dslcoprogem tor c.ell acliyy ion

bone m orphogenetic protein, cy tokine and 
growth factor prcxluction

mesenchymal 
stem cells

Figure 1.1. The bone regeneration, remodeling, and repair processes. The injury 
process stimulates growth factor and cytokine production, whose role is to stimulate 
osteoprogenitor cells to produce osteoinductive proteins. These proteins recruit 
mesenchymal stem cells and induce them to differentiate and proliferate into 
osteoblasts, the cornerstone of bone-forming cells. IGF, insulin-like growth factor; 
VEGF, vascular endothelial growth factor; TOP, transforming growth factor; POP, 
fibroblast growth factor; PDGP, platelet-derived growth factor; BMP, bone 
morphogenetic proteins; TNP, tumor necrosis factor; IL, interleukin. Adapted from  
(Braddock et al. 2001).
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Although bone tissue possesses the capacity for regenerative growth and remodelling, 

clinical situations arise in which the extent o f bone loss or damage due to traum a or 

surgery is too large so that com plete spontaneous regeneration will not occur. Other 

causes of impaired healing include infection, osteoporosis causing a decrease in bone 

mineral density, diabetes and smoking causing disturbances to microcirculation 

(Dickson et al. 1994; Kwiatkowski et al. 1996; M arshall et al. 1996; Sarmiento 2000; 

Siris et al. 2001). Bone grafts are, therefore, necessary to provide support, fill voids, 

and enhance biologic repair o f skeletal defects. They are routinely used by 

orthopaedic surgeons, neurosurgeons, craniofacial surgeons, and periodontists.

Bone is one of the most frequently transplanted tissues in humans. The current 

demand for bone grafts is considerable; approxim ately 1.5 million bone grafting 

operations are performed annually in the United States (Bishop and Einhom  2007). 

This makes bone second only to blood on the list o f transplanted materials (National 

Centre for Health Statistics Report 1998). In G erm any 1.5 million people with 

degenerative jo in t diseases are under medical treatm ent (Ringe et al. 2002) and there 

are over 150,000 osteoporosis related fractures in the UK every year (Rose and Oreffo 

2002). In the coming years, with an increasing dem ographic trend towards an older 

population in both Europe and the USA, the global m arket for bone grafts is estimated 

to reach $3.2 billion by 2010 (Kaloram a Information 2005). Therefore, there is a 

serious socioeconomic need for the developm ent o f effective treatments for these 

ailments.

Autogenous bone is still regarded as the gold standard for bone repair and 

regeneration. A patient’s own bone lacks im m unogenicity and provides bone-form ing
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cells, which are directly delivered at the implant site. Moreover, autogenous bone 

grafts recruit mesenchymal cells and induce them to differentiate into osteogenic cells 

through exposure to osteoinductive growth factors (Damien and Parsons 1991). 

Autogenous bone grafts can be vascularised or non-vascularised. Vascularised bone 

grafts are much more complex to harvest and have a great deal o f donor site morbidity 

associated with their use. Non-vascularised grafts are considerably sim pler to harvest 

and use if  they are placed into a well vascularised recipient bed (M arx 1993).

There are essentially two forms of non-vascularised free autogenous bone grafts: 

cortical and cancellous. Burchardt (1983) has sum m arized the three essential 

differences between the two. Cancellous grafts are re vascularised more rapidly and 

completely than cortical grafts. Creeping substitution o f a cancellous graft initially 

involves an appositional bone formation phase, followed by a resorptive phase, 

whereas cortical grafts undergo a reverse creeping substitution process. Cancellous 

grafts tend to repair completely with time whereas cortical grafts remain as an 

admixture o f necrotic and viable bone.

Common sites for the harvesting of cortical grafts are the cranial vault, ribs and the 

medial or lateral table of the anterior aspect of the iliac crest as well as the mandibular 

symphysis (Kainulainen et al. 2003a, Kainulainen et al. 2003b). The most abundant 

source of cancellous bone is the anterior or posterior iliac crest. The volume of bone 

graft required determines the choice of the donor site.

Although there are many advantages to using autogenous bone, there are major 

drawbacks to the harvesting procedure including: harvesting difficulties, post-
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operative continuous pain, blood loss (iliac crest), nerve injuries, risk o f infection, 

poor contouring and significant bone resorption. These com plications affect 10% to 

30% of the patients (Arrington et al. 1996). Furthermore, the amount of bone that can 

be collected is limited. A point may be reached in reconstruction where the donor site 

morbidity may exceed the discomfort of the presenting complaint. Scientists, 

surgeons, and medical companies, thus, have a tremendous responsibility to develop 

innovative strategies to enhance bone regeneration and potentially reduce or eliminate 

the need for autograft.

1.2 Current Alternatives to Autogenous Bone

The rationale behind the use o f bone grafts is the assumption that the regrowth of 

bone would be stimulated because these grafts may either (1) deliver live cells to the 

defect site, which may proliferate and differentiate into osteoblasts and osteocytes 

(osteogenesis), or (2) serve as a scaffold for ingrowth o f capillaries, perivascular 

tissue, and osteoprogenitor cells from the recipient bed (osteoconduction), or because 

(3) the matrix of the bone grafts contains bone-inducing factors that cause 

m esenchymal cells to proliferate, and differentiate into osteoblasts (osteoinduction), 

(Brunsvold and M ellonig 1993).

Ideally, a graft should meet a few basic requirements, the most important being that it 

is biocompatible. This means that the presence of the graft will not elicit an unwanted 

immune response from the patient, i.e. it must be non-immunogenic, non-reactive and 

non-toxic. Failure to meet this prerequisite results in the implant being rejected by the 

body. The degradation by-products of the material must also be biocompatible. The 

graft should not transm it disease and should have a mechanical strength sufficient to
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allow load beairing after implantation and to contribute to the strength o f the 

surrounding bone.

Resorbability o f  the graft is another important issue. A resorbable m aterial is 

gradually rep laced  by bone. Biologically and clinically it is desirable to have a defect 

filled with bonte, rather than with a combination of bone and a synthetic inert graft 

material (Zabkotsky et al. 1991). A bone graft substitute should also have a 

morphology th;at allows movement of cells and supports vascularisation. A high 

porosity and controllable pore size can provide this. Cells must be able to penetrate 

into the core oif the graft so that they are homogeneously distributed throughout the 

graft. There miust be space to allow for transport of nutrients to and waste removal 

from cells, so tltie pores must be interconnected (O'Brien et al. 2004).

The most obviious alternatives to autogenous bone graft have been allograft bone 

(non-vital osseous tissue taken from one individual and transferred to another 

individual of tlhe same species) and xenograft bone (skeletal tissue that is harvested 

from one speciies and transferred to the recipient site of another species) which have 

been widely lused in both structural and morsellised forms depending on the 

indication.

There are three; forms of allogeneic bone: fresh frozen, freeze-dried and demineralised 

bone matrix (D B M ). Fresh frozen bone is rarely used today for the purposes of bony 

reconstruction because of concerns related to the immune response and the risk of 

transmission o)f viral diseases (Burchardt 1983). The freeze-dried and DBM types are 

osteoconductiwe but are considered to be only weakly osteoinductive. The method of
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preparation is designed to minim ise tiie immune response of the host an d  therefore in 

m ost allografts and xenografts there are no viable cells to confer osteogenic properties 

(Keating and M cQueen 2001).

In a review of the literature by M ellonig (1991), freeze-dried bone allografts have 

shown clinical efficacy when used in reconstructive periodontal surg;ery. A total o f 

997 sites were treated with freeze-dried bone allograft alone and 524 siites with freeze- 

dried bone allograft plus autogenous bone by 89 clinicians. Re-entry evaluation was 

performed on 327 freeze dried bone allograft sites and 176 freeze-dried  bone allograft 

plus autogenous bone graft sites. Complete or greater than 50% bone filll was achieved 

in 67% o f the sites treated with freeze-dried bone allograft alone and 7'8% o f the sites 

treated with freeze-dried bone allograft plus autogenous bone. The auithor concluded 

that the com bination o f freeze-dried bone allograft plus autogenous b one  was more 

effective than freeze-dried bone allograft alone, particularly in furcatiom defects.

The initial use of DBM was based on com pelling experimental data suiggesting that it 

possesses osteoinductive potential (Urist 1965). DBM is prepared by p)ulverization of 

allogenic bone to a consistent size, followed by mild acid extiraction of the 

m ineralized phase of bone. This process results in a composite o f ncon-collagenous 

proteins, type I collagen and bone osteoinductive growth factors, the m o st significant 

o f which are bone m orphogenetic proteins (BMPs). The DBM allografit induced bone 

form ation in non orthotopic sites, presum ably due to the inductive propterties of BM Ps 

(K a tz e ta l. 1993).
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A controlled clinical trial by M ellonig (1984) comparing the use of DBM allograft to 

nongrafted sites dem onstrated greater average bone fill (2.57 mm versus 1.53 mm) for 

the grafted sites. In re-entry studies comparing DBM allograft to other graft materials 

(Blumenthal and Steinberg 1990; Guillem in et al. 1993), the DBM allograft is at least 

equal in clinical efficacy and always outperforms debridement.

Randomized controlled human histological studies clearly dem onstrate that DBM 

allograft enhances the frequency and amount of periodontal regeneration. Bowers et 

al. (1989) dem onstrated histological bone fill of 5.4 mm estim ated from the base of 

the defect, of which 1.8 mm was new attachm ent apparatus formation. Long-term 

clinical efficacy has been reported (Rosen et al. 1996). The authors showed clinical 

attachment level gains o f 3.5 mm at 1 year in nonsmokers treated with DBM allograft, 

which remained stable for over 2 -5  years.

DBM provides no structural strength, and its primary use is in a structurally stable 

environment. Recent advances have seen DBM  incorporated into various carriers such 

as collagen or selected polymers which are either sponge-like or gel/putty-like in 

consistency (Babbush 1998). These products could potentially be used in the 

treatment of periodontal infrabony defects, extraction sites to prevent ridge resorption, 

alveolar ridge reconstruction, bone reconstruction associated with dental implant 

placement, bone reconstruction associated with dental implant complications and 

cysts or bony defects of the jaw s (Becker et al. 1998; Rosenberg and Rose 1998). If 

larger volumes of bone are required, such as in maxillary sinus augmentation prior to 

dental implant placement, then DBM may be used as a bone graft expander to reduce
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the volume of autogenous bone graft required to fill an osseous defect (Blom qvist et 

al. 1998).

Some studies (Becker et al. 1995; Urist et al. 1983) have suggested that the quantity 

o f BMPs in DBM allograft is too small to induce bone formation and that, if bone 

formation does occur, it is by other processes. Shigeyama et al. (1995) demonstrated 

that a commercially available sample of DBM allograft contained quantities o f active 

BMPs but not in the same quantity as one would expect from unprocessed fresh bone. 

A recent article by Schwartz et al. (1996) has shown a wide variation in commercial 

bone bank preparation of DBM allograft and the ability to induce new bone 

formation. Zhang et al. (1997) dem onstrated that optimal induction may depend on 

particle size, age of the donor and degree o f dem ineralization of DBM allograft.

A major concern with allografts in general is the potential for disease transfer. In 

particular, transmission of HIV and hepatitis C has been described (Conrad et al. 

1995; Simonds et al. 1992; Tom ford 1995). Tissue banks have adopted rigorous 

exclusionary techniques, testing for HIV antigen, and HIV antibody and lymph node 

biopsy in order to reduce this potential risk. The probability of HIV transfer following 

appropriate DBM allograft preparation has been calculated to be I in 2.8 billion 

(Russo 1995). To date there is no reported case of disease transm ission from freeze- 

dried bone allografts used for dental purposes in over 1 million cases over 25 years of 

use. A rare disease entity, Creutzfeldt-Jacobs disease, transm itted via prions (smallest 

proteinaceous infectious particles) has also never been reported from a bone-derived 

material. However, due to difficult exclusionary technicalities, Creutzfeldt-Jacobs 

disease may remain a potential risk.
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Antigenicity o f allografts is another concern to patients. Several authors have 

indicated that the freeze drying process minimizes the im munogenicity of bone 

allografts (Friedlaender et al. 1976; Resnick et al. 1986). Studies in humans have 

shown no immune reaction in patients treated with freeze-dried bone allograft 

(Quattlebaum et al. 1988) and DBM allograft (Bowers et al. 1989) in intrabony 

defects.

The structural quality may be adversely affected depending on the method of 

preparation. In particular, freeze-drying dim inishes the structural strength o f the 

allograft and renders it unsuitable for use in situations in which structural support is 

required. Sterilisation by gamma irradiation or ethylene oxide can be used to enhance 

safety. However, these processes also adversely affect the structural integrity o f the 

material and its osteoinductive and osteogenic activities.

The use of xenogenic bone grafts became popular after the development o f methods 

to deproteinize bone particles. This processing reduces the antigenicity making these 

implants more tolerable to host tissues (Basle et al. 1998). The result is that the 

organic component o f bone is almost completely removed. This inorganic bone matrix 

then has the structure of bone making it osteoconductive without the osteoinductive 

abilities imparted by the organic elements.

Bio-Oss® (Geistlich-Pharma, W olhunsen, Switzerland) is a deproteinized bovine bone 

matrix that has been widely tested in both animal and human trials and is largely used 

for the treatment of periodontal bone defects (Stavropoulos et al. 2004), bone 

deficiencies and dehiscences associated with implant installation (Hammerle and
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Lang 2001; Ersanli et al. 2004) and maxillary sinus lift procedures (Hatano et al. 

2004; Hallman et al. 2005). Some authors reported good osseointegration, resorption 

and replacem ent of the graft particles with bone tissue (Berglundh and Lindhe 1997) 

while in some cases fibrous encapsulation o f the biomaterial (Carmagnola et al. 2003) 

and minimal resorption (Spagnoli and Kent 1992; Skoglund et al. 1997) have been 

observed.

Ham m erle et al. (1998) exam ined the effect of Bio-Oss® on bone regeneration of 

dehiscent defects around dental titanium implants in com bination with guided bone 

regeneration (GBR) technique. They concluded that, due to its high osteoconductive 

property, Bio-Oss® is an appropriate material for the treatm ent of dehiscent defects in 

conjunction with GBR procedures. Hence, Bio-Oss® has been widely utilized in basic 

and clinical dentistry as a xenograft material for implantation and sinus lift procedures 

(Berglundh and Lindhe 1997; Zitzmann et al. 1997; van Steenberghe et al. 2000).

Conflicting data exist on the outcome of placing Bio-Oss® in extraction sockets in 

humans. Artzi et al. (2000) placed Bio-Oss® in fresh extraction sockets in 15 patients 

and perform ed a histological examination of the grafted sites 9 months later. They 

concluded that Bio-Oss® particles are “an appropriate biocompatible bone derivative 

in fresh extraction sockets for ridge preservation”. In contrast, Becker et al. (1998) 

reported that Bio-Oss particles placed in extraction sockets were mainly surrounded 

by connective tissue. The authors inserted titanium micro screws in the Bio-Oss 

augm ented sites which were retrieved 3 -6  months later. Histological analysis showed 

that Bio-Oss® particles were mainly surrounded by connective tissue and only isolated 

particles of the biomaterial were in contact with bone. The titanium micro screws
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were separated from the host bone by Bio-Oss particles immersed in connective 

tissue.

Thorwarth et al. (2006) used Bio-Oss alone or mixed with 25% autogenous bone to 

fill surgically created bone defects in the skull o f minipigs. The authors observed that 

after 6 weeks, more bone formation was evident at sites treated with a mixture of the 

grafts com pared with sites treated with Bio-Oss® alone. The first signs o f bone 

formation were evident after 3 days for the sites grafted with Bio-Oss® and 

autogenous bone and after 7 days for Bio-Oss alone. They suggested that the 

osteoinductive properties of autogenous bone might have been responsible for the 

difference. Unfortunately, no empty control sites were available for comparison.

Several studies have shown that this material possesses important properties (e.g., 

biocom patibility and osteoconductivity) when used as a scaffold for the ingrowth of 

host cells (Marx et al. 1998). However, a bone substitute is gradually resorbed and 

replaced by vital bone. The biodegradable rate o f Bio-Oss® is unknown, and most 

animal studies have indicated only slow bone substitution (Carm agnola et al. 2003). A 

bone substitute should maintain its mechanical stability and volume during the initial 

healing phase and then be completely resorbed and replaced by newly formed bone 

(Isaksson 1992).

W hile bovine xenografts may reduce morbidity by elim inating the donor site, their 

disadvantage is the concern with the possibility of future bovine spongiform 

encephalopathy due to potential slow virus transmission in bovine-derived products 

(Bons et al. 2002; Hunter 2002). Interestingly, some recent studies have indicated the
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presence of residual organic proteins in Bio-Oss® (Schwartz et al. 2000; Taylor et al. 

2002). Honig et al. (1999) have questioned the position of Bio-Oss® as a biologically 

inert material and its safety in clinical applications, as they suggested the presence of 

substantial amounts o f protein in the material. Another report disagreed with this 

opinion and found that Bio-Oss® did not contain a measurable extent of organic 

materials (Benke et al. 2001).

Unlike DBM, which is a mixture of BMPs and immunogenic, non-inductive proteins, 

the pure form o f BM Ps is non-im m unogenic and non-species specific. They stimulate 

bone formation through osteoinduction by inducing pluripotential stem cells to 

differentiate into osteoblasts (Harakas 1984). The BMPs (BM P 1-7) are low- 

m olecular-weight non-collagenous glycoproteins that belong to an expanding 

transform ing growth factor-^ (TGF-P) superfam ily of at least 15 growth and 

differentiation factors. They make up only 0.1 % by weight o f all bone proteins. BM Ps 

act as extracellular molecules that can be classified as m orphogenes as their action 

recapitulates embryonic bone formation. The identifying pattern o f the BMPs 

subfamily is their seven conserved cysteine residues in the carboxy-term inal portion 

o f the protein and this is where the unique activity o f BM Ps is thought to reside 

(Sampath et al. 1990). Currently single BM Ps are available through recom binant gene 

technology, and mixtures o f BMPs are available as purified bone extracts for clinical 

studies. The recombinant human BM Ps (rhBM Ps) extensively studied are rhBM P-2 

(Genetics Institute, Cambridge, M A) and rhBM P-7 also known as recom binant 

osteogenic protein 1 (rh-OP-1, Creative Biomolecules, Hopkinton, MA).

14



M uschler et al. (1994) studied the efficacy of rhBM P-2 delivered in a porous 

biodegradable copolym er using a canine posterior segmental spinal fusion model. 

RhBM P-2/PLGA (polylactic/glycolic acid carrier) was compared to autogenous 

cancellous bone and to PLGA alone. The dogs were evaluated at 12 weeks for union 

and m echanical strength. Union score and mechanical testing revealed no difference 

between autogenous bone and rhBM P-2/PLGA. No adverse neurologic or systemic 

sequelae were noted.

Cook and associates tested the effect of rhBM P-7 or osteogenic protein-1 (OP-1) in 

the spine o f mongrel dogs. This osteoinductive agent proved to be an effective bone 

graft substitute for achieving a stable posterior spine fusion in a significantly more 

rapid fashion than could be achieved by autogenous graft in the same spinal model 

(Cook et al. 1994). Radiographic and histologic studies demonstrated that 

recom binant human osteogenic protein-1 fusion segments attained a stable fusion by 6 

weeks post implantation, and were com pletely fused by 12 weeks. The autograft sites 

also dem onstrated fusion, but not until 26 weeks post implantation.

In dentistry, BM Ps have been tested in regeneration of lost bone tissue due to 

periodontal disease and to increase bone volume for placement o f implants. Animal 

assays using rhBM P-2 associated with a carrier (collagen foam) in 3-wall intrabony 

defects in dogs have dem onstrated an increase in the rate of bone formation without 

side effects such as ankylosis or apical bone resorption (Choi et al. 2002). A clinical 

trial studying 6 patients (3 of them used as control) indicated that the OP-1 (2.5 mg in 

1 gm collagen carrier) has the potential to initiate bone formation in the human 

maxillary sinus within 6 months of a sinus floor elevation operation (van den Bergh et
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al. 2000). Giannobile et al. (1998) have shown promising results with rhBMP-7 

implanted in type III furcation defects in dogs, with no signs of side effects such as 

ankylosis of the affected roots.

A lthough promising results have been extensively documented, one of the major 

caveats is the stability and biological activity of the delivered rhBM Ps (Uludag et al. 

2001; Seeherman et al. 2002). M ultiple carriers have been tested to maintain retention 

o f rhBM Ps delivered directly to the site of interest. M ost currently used carriers are 

able to maintain levels o f about 50% of initial dose for less than one week, with 

subsequent degradation to 15% at two weeks, and 5% at three weeks (Seeherman et 

al. 2002). Thus, directly delivered protein may not be active for long enough to 

promote effective bone formation. Furthermore, there appears to be a varying 

response from individual to individual in terms of new bone production. This patient- 

to-patient variation in response to administration o f BMP protein may, in part, be due 

to the induction of natural BM P repressor proteins, such as noggin, follistatin, and 

chordin (Braddock et al. 2001).

Another major limitation of the use of rhBM Ps is associated with the co.st of 

producing recom binant proteins; this may in many ways be preventing the broader use 

of rhBM Ps. For example, 0.002 mg o f rhBM P-2 can be extracted from one kilogram 

of powdered normal bone; this physiologic concentration is adequate for normal 

fracture healing (Takaoka et al. 1988). However, this concentration is not sufficient to 

heal critical size defects by definition. Furthermore, rodents have required 

concentrations of 0.01 mg/ml to accelerate fracture healing, while non-human 

prim ates require as much as 1.5mg/ml. The requisite concentration is even higher in
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spinal fusion models (Seeherman et al. 2002). Thus, the need for these 

supraphysiologic concentrations of osteogenic factors can be prohibitively expensive 

in a clinical setting.

More recently, research has been directed towards the use of gene therapy for bone 

regeneration. It involves the transfer of genetic information to cells. When a gene is 

transferred to a target cell, the cell synthesises the protein encoded by the gene. The 

gene therapy used for bone induction is short-term, regional therapy. The gene can be 

introduced directly to a specific anatomic site (in-vivo technique) or specific cells can 

be harvested from the patient, expanded, and genetically m anipulated in tissue culture, 

and then reim planted (ex-vivo technique). The vehicle for gene delivery can be either 

viral (adenovirus, retrovirus) or non-viral (liposomes, DNA-ligand complexes). The 

gene can be selectively transferred to a targeted cell (osteoblast, fibroblasts) at the 

bone induction site (Park et al. 2002). For bone regeneration, the gene of interest 

should be delivered to the fracture site, expressed at appropriate levels, and then 

deactivated once the fracture has healed.

Delivery of biological factors, mostly BMPs, has yielded promising results both in 

animal and clinical studies. Though initially used as a recom binant protein, BMP-2 

m ediated gene therapy has been widely pursued. Lieberman et al. (1999) showed that 

new bone form ation from rhBM P-2 was noticeably different from adenovirus 

m ediated BMP-2, in which rhBM P-2 created lace-like bone spanning defects, even 

with large quantities of protein, whereas the BM P-2 transduced cells form ed robust, 

coarse trabecular bone. These results suggest that gene therapy can improve upon 

recom binant proteins for bone regeneration. Park et al. (2003) compared the effects of
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adenoviral vectors and liposomes on bone regeneration o f a critical size defect in a rat 

femural model with cell-m ediated BMP-2 gene transfer. W hile both treatment groups 

healed the critical size defect, the liposome group took 6 weeks to heal, whereas the 

adenoviral group com pleted healing within 4 weeks. These studies suggest that the 

time course and the quality of repair can be modulated with different gene transfer 

techniques.

Krebsbach et al. (2000) transduced fibroblasts with BMP-7 and observed an 

osteoblast phenotype, which led to the formation of clinically evident bone. These 

findings suggest that BMP-7 gene therapy can be used to replace the costly 

recom binant protein approach in bone regeneration. However, recent studies have 

suggested that BMP-7 may be less biologically active than BMP-2 as was 

dem onstrated in vitro (Cheng et al. 2003) as well as in animal models (Kang et al. 

2004).

The biggest challenge facing all viral vectors continues to be the host immune 

response. Adenovirus vectors are the most immunogenic of the different virus vectors 

and induce m ultiple com ponents of the immune response (Luo et al. 2005). Cytotoxic 

T cells respond to viral gene products as well as “foreign” transgene products and lead 

to elim ination o f the transduced cells. Meanwhile, the humoral antibody response 

precludes repeated adm inistration of the vector by cytokine m ediated inflammation. 

This is especially troublesome in adenovirus vectors since the non-integrating genome 

is gradually diluted by DNA degradation and cell division, and therefore requires 

periodic repeat infection.
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A known theoretical risk is the insertion of the viral genome into host chromatin 

causing disruption o f a cellular sequence associated with malignancy. Recently, these 

risks have been manifested in two separate incidents. The first involved retrovirally 

transduced bone marrow cells inducing leukemia in mice (Li et al. 2002). In the 

second case, 2 o f 11 patients treated successfully for severe com bined 

immunodeficiency (SCID) developed a leukemia-like disorder apparently caused by 

retroviral genom e integration causing a disruption in the oncogene L M 02  which is a 

target o f chromosomal translocations in human T-cell leukemia (Hacein-Bey-Abina et 

al. 2003).

The delivery o f the transgene tends to be non-specific and is not easily controlled. For 

example, local delivery of a vector can lead to leakage and dissemination to nearby 

tissues, while systemic delivery leads to unwanted vector uptake by cells in multiple 

organs (Luo et al. 2005). This non-specific uptake is undoubtedly related to systemic 

immune responses. There have been many efforts to target specific cell types for 

transduction, which will allow for lower virus titres to be administered.

In order to overcom e the limitations o f biologic bone grafts, considerable interest has 

developed in creating osteoconductive scaffolds using alloplastic nonbiologic 

materials. The advantage of non-biologic m aterials includes the ability to control all 

aspects of the scaffold, avoidance of immunologic reaction, and excellent 

biocompatibility. However, they do not possess any osteogenic or osteoinductive 

properties.
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Exam ples of alloplastic substances in clinical use today include hydroxyapatite (HA), 

tricalcium phosphate (TCP), bioactive glasses and polymers. HA has several potential 

clinical applications including the filling o f bony defects, the retention of alveolar 

ridge form following tooth extraction and as a bone expander when com bined with 

autogenous bone during ridge augmentation and sinus grafting procedures (Stoelinga 

et al. 1986; Byrd et al. 1993). Although the use o f HA can elim inate donor site 

morbidity, the tendency for granular migration and incomplete resorption has become 

a long-term problem (M ercier 1995; Proussaefs et al. 2002). C linically the one 

disadvantage with TCP is its unpredictable rate of bioresorption. Its degradation has 

not always been associated with concom itant deposition o f bone (Buser et al. 1998).

Bioactive glasses are silico-phosphate chains that have been used in dentistry as 

restorative materials such as glass ionomer cement. Bioactive glass root replicates 

have been used to preserve the form of the alveolar ridge after tooth-loss (Yilmaz et 

al. 1998). W hile these are able to preserve the crestal width and height o f the alveolus, 

they may im pair the later placem ent of dental implants due to incomplete resorption.

Despite active research in this field, so far no alternative which performs better than 

autografts has been developed (Giannoudis et al. 2005). To overcome the drawbacks 

o f the current bone graft materials, bone tissue engineering using bone m arrow stem 

cells has emerged as an alternative approach to regenerate bone and has received 

increasing interest in recent years. The field of tissue engineering aims to regenerate 

the dam aged tissues, instead o f replacing them, by developing biological substitutes 

that restore, maintain or improve tissue function (Vacanti 1998; Atala 2004). Bone
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reconstruction by this technique is thought to be less invasive and safer than 

conventional methods.

1.3 Tissue engineering

Tissue engineering has been defined as “an interdisciplinary field that applies 

principles of both life sciences and engineering towards the developm ent o f biological 

substitutes that restore, maintain and/or improve tissue or organ function” (Langer and 

Vacanti 1993). This field has received a great deal o f attention owing to its promise as 

an alternative to the use of autografts and allografts for the reconstruction or 

regeneration o f tissues.

The essence of the tissue engineering paradigm is to extra-corporeally generate a 

construct that upon maturation can be implanted into the diseased or damaged host 

site, where it will integrate with the local environment, and form a support, then a 

substitute, whereby the tissue or organ regenerates to function as before the pathology 

presented.

Most major organ systems can benefit from tissue engineering solutions including 

cardiovascular, e.g. for the treatment of myocardial infarction (L'Heureux et al. 2007), 

musculoskeletal injury such as osteoarthritis (Adachi et al. 2006), urological 

conditions such as sphincter incontinence (Becker and Jakse 2007), in the treatm ent of 

neurological conditions such as spinal cord injury (Chalfoun et al. 2006), skin for 

damage due to bum s for example (M etcalfe and Ferguson 2007) and m any others, 

em phasising the scope for tissue engineering solutions in healthcare today. Although 

regenerative solutions for many of the systems described are in the early stages.
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treatm ents for injury to the skeletal system have received considerable interest, partly 

due to the accessibility o f osteoprogenitor cells, and tissue engineering for skeletal 

injury has made promising developm ents in recent years.

To engineer the ideal bone graft material, factors that are capable of triggering 

osteogenesis must be included. Osteoinductive growth factors or progenitor cells 

should be present or recruited (Schallhom  et al. 1970). Two bone engineering 

technologies prom ising to enhance bone healing have been introduced; they both 

com prise three dimensional scaffold structures that function as a carrier for growth 

factors or cells (Damien and Parsons 1991; Lane et al. 1999). These technologies are 

therefore either growth factor-based or cell-based. In the first approach, growth 

factors such as BM Ps o f the TGF-P family are applied (Lind 1996; Lane et al. 1999). 

A potential drawback of this approach, however, is that high, supraphysiologic 

concentrations are needed to obtain the desired osteoinductive effect, with possible 

related side effects and high costs (Boyne et al. 1997; Geesink et al. 1999). 

Furthermore, most if not all current techniques in which bone growth factors are used 

result in a burst-release of the growth factor shortly after placem ent followed by a 

limited release over longer time periods, thus in principle limiting the effectiveness of 

such an approach.

The second and more exciting approach is cell-based and com bines living 

osteoprogenitor cells with biomaterial scaffolds in vitro to allow the developm ent of a 

three-dimensional tissue structure. The basic concept o f osteoprogenitor cell-based 

tissue engineering consists o f cell isolation and expansion, followed by a 

reim plantation procedure in combination with a scaffolding material. In natural
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tissues, ceils are held within an extracellular matrix (ECM) which guides development 

and directs regeneration of tissue; the field of tissue engineering aims to synthesise 

substitutes that mimic the natural ECM to help guide the growth of new tissue in 

vitro. This requires successful interaction between three components of the tissue 

engineered device which consists of; (1) the scaffold/matrix that holds the cells 

together to create the tissue’s physical form, (2) the cells that create the tissue and, (3) 

the biological signalling molecules that direct the cells to synthesise the desired tissue 

type (Figure 1.2) (Wozney and Li 2003).

Scaffold Cell Culture Implant

Figure 1.2. The tissue engineering triad
(Taken from http;//www.clemson.edu/agbioeng/bio/images/sumint/jacksonl.jpg)

In this research project we have employed a cell-based bone tissue engineering 

approach that combines bone marrow derived mesenchymal stem cells (MSCs) and 

collagen glycosaminoglycan (GAG) scaffold. In the following sections, we discuss 

this approach in more detail.
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1.4 Stem cells

M ost cell systems in mammals are com prised of differentiated cells with little or no 

self renewal. However, tissues such as the gastrointestinal mucosa, skin and the 

haem atopoietic system  have a large turnover and self renewal capability. This self 

renewal depends on a cell population referred to as stem cells characterized by the 

dual capacity o f self renewal and differentiation into more mature types of cells. The 

two broad categories o f mammalian stem cells are: embryonic stem cells, derived 

from blastocysts, and adult stem cells, which are found in mature tissues.

Embryonic stem cells were first obtained from  mouse em bryos over twenty years ago 

(Evans and Kaufman 1981; Martin 1981) and more recently from humans (Bongso et 

al. 1994). W hen passaged in vitro under conditions that inhibit differentiation, i.e. in 

com plete medium supplem ented with leukaemia inhibitory factor, embryonic stem 

cells exhibit virtually unlim ited replication and retain the ability to form mature 

progeny from all three germ layers (Keller 2002).

Pluripotency (ability to give rise to cell types and tissues of all three germ layers of 

the body) has long been regarded as a property specific to embryonic stem cells. By 

contrast, stem cells in the adult have traditionally been thought to be restricted in their 

differentiative and regenerative potential to the tissues in which they reside. However, 

this lineage com m itm ent has recently been called into question, as evidence for 

transdifferentiation (the process by which one com m itted cell type is reprogram m ed 

into a cell of another lineage) and dedifferentiation capabilities of cells mounts. For 

exam ple, murine and human neural stem cells have been shown to give rise to skeletal 

muscle after injection into that tissue (Galli et al. 2000). Nuttall et al. (1998) found
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that osteoblasts that had differentiated to the point o f expressing osteocalcin, a late 

stage m arker of osteogenesis, could rapidly transdifferetiate to adipogenic cells when 

transfected with the nuclear receptor family mem ber peroxisom e proliferator activated 

receptor y2. A nother study has proposed that hypertrophic chondrocytes can further 

differentiate into osteoblasts in chicks (Cancedda et al. 1995). It is not known if this is 

a further step in the differentiation process, a transdifferentiation step or a 

dedifferentiation. Others have also reported the transdifferentiation o f cells from one 

germ line to another (Bjom son et al. 1999; Sanchez-Ramos et al. 2000).

Despite these findings, it has been suggested that transdifferentiation, 

dedifferentiation or redifferentiation along another route are not taking place, but 

rather stem cells are fusing with existing cells (Ying et al. 2002). Perhaps cells are not 

as com m itted as was once believed, or cell fusion is the cause. Either way, a 

classification o f stem cells solely by tissue com partm ent of origin may greatly 

underestimate the potential o f these cells (Blau et al. 2001).

1.5 Mesenchymal stem cells

M esenchymal stem cells (M SCs) are multipotent cells capable of giving rise to cells 

o f mesodermal origin, including bone, cartilage, fat, tendon, and muscle, making 

these cells prom ising candidates for cell-based tissue engineering for the repair o f lost 

or damaged musculoskeletal tissues.

There is a growing body o f literature to indicate that the num ber o f M SCs decreases 

with age or infirmity (Tsuji et al. 1990; Quarto et al. 1995), and that their performance 

can have a dramatic impact on the overall health status o f individuals by controlling
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the body’s capacity to naturally remodel, repair, and upon demand, rejuvenate various 

tissues. The greatest number o f M SCs is found in neonates, then it is reduced during 

the lifespan to about one-half at the age of 80.

W hile M SCs make up only 0.001%  to 0.01% of the total population o f nucleated cells 

in bone marrow they play various im portant functions (Pittenger et al. 1999). For 

instance, within bone marrow, although haematopoietic stem cells and M SCs 

represent distinct lineages of adult stem cells, MSCs create a tissue framework, which 

assures a mechanical support for the haem atopoietic cell system (Taichman and 

Emerson 1998). Adult bone marrow M SCs provide signals for differentiation and 

proliferation of haematopoietic stem cells and their progeny through direct cell-cell 

interactions and secretion o f haematopoietic growth factors and cytokines. It has been 

well documented that a m onolayer of M SCs are able to support haematopoietic cell 

expansion in vitro in long-term bone marrow cultures, sim ilar to that of mixed stromal 

cell cultures derived from the same human donors (M ajum dar et al. 2000). Cultures of 

M SCs are capable of sim ilar cytokine production to stromal layers, and have the 

ability to express all growth factors on which long-term haem atopoiesis is dependent 

(Rafii et al. 1997). These studies suggest that these cells may provide an excellent in 

vitro environm ent for haem atopoiesis during progenitor cell expansion and may be 

important for in vivo therapy (M ajum dar et al. 2000).

In addition to supporting haematopoiesis, M SCs also play a role in the m aintenance of 

tissues in the adult organism. Because o f their residence in bone marrow, M SCs are 

likely to be involved in the repair o f microfractures o f bone that occur on a daily 

basis, as well as repairing the occasional fractured bone (Krebsbach and Robey 2002).
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Under the appropriate conditions, M SCs have the capability to proliferate to an 

extensive but finite degree, an important characteristic that should reduce or elim inate 

concerns o f potential tumourigenicity of the cells upon transplantation in vivo (Shanti 

et al. 2007).

The clinical applicability of MSCs is further enhanced by their immunom odulatory 

properties. These cells are able to inhibit responses of alloreactive T lymphocytes. 

They express neither MHC class II molecules nor co-stim ulatory receptors (CD80, 

CD86) on their surface; therefore they do not exhibit antigen-presenting cell activities 

(Fibbe and Noort 2003; Angoulvant et al. 2004). The addition of interferon-y (IFN-y) 

to the cultures of M SCs enhances the expression of MHC class I and triggers the 

expression o f MHC class II, but not of the co-stim ulatory molecules (Fibbe and Noort 

2003).

Several groups have co-cultured MSCs with T-lym phocytes in vitro and reported on 

the role of this phenotype in inducing immune tolerance (Di Nicola et al. 2002; Le 

Blanc et al. 2003). It has been well established that M SCs from various species can 

exert profound im munosuppression by inhibiting T-cell responses to polyclonal 

stimuli (Di Nicola et al. 2002). The inhibition did not seem to be antigen specific and 

targeted both primary and secondary T-cell responses (Krampera et al. 2003). The 

inhibitory effect was shown to be directed mostly at the level o f cell proliferation. T- 

cells stimulated in the presence o f M SCs were arrested in the G1 phase as a result of 

cyclin D downregulation (Glennie et al. 2005). Moreover, MSCs can affect other cells 

participating in the immune response like B cells (Glennie et al. 2005) and dendritic 

cells (Jiang et al. 2005). The suppression, however, was not apoptotic and could be
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reversed. In the absence of M SCs and with appropriate stimuli, T-cells continue to 

proliferate (Di Nicola et al. 2002).

The m echanism  o f this immunosuppression remains unclear, with some investigators 

suggesting a cell-to-cell contact mediated suppression, while others have reported on 

a soluble factor mediated mechanism (Di Nicola et al. 2002; Le Blanc et al. 2003; 

Javazon et al. 2004). Blocking experim ents with the use of neutralizing monoclonal 

antibodies against TGF-p and HGF suggest that these factors are at least in part 

responsible for the inhibitory effects caused by MSCs (Di Nicola et al. 2002).

Despite the lack of exact understanding o f the m echanisms governing this MSC 

m ediated immune suppression, interesting observations have been made on the 

im m unom odulatory effects o f M SCs in vivo. For instance, the survival of allogenic 

skin grafts was shown to be prolonged by the intravenous administration of M SCs in 

im m unocom petent, outbred baboons (Bartholom ew et al. 2002). The 

im m unotolerance and the im m unom odulatory properties of MSCs thus augm ent their 

potential as a progenitor cell source for clinical applications.

1.5.1 Mesenchymal stem cell isolation

Bone marrow has been described as the most abundant source of M SCs which have a 

high proliferative ability and great capacity for differentiation (Haynesworth et al. 

1992b). From a practical point of view, bone marrow is an accessible source of 

osteogenic cells since it can be collected using a relatively simple aspiration 

procedure. As such, this method is less invasive than collecting osteogenic cells by 

taking biopsies from calvarium  (W ada et al. 1998) or periosteum (M iura and
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O ’Driscoll 1998). MSCs reside in the stromal fraction of the bone marrow, which 

provides the cellular microenvironm ent supporting haematopoiesis. MSCs were first 

described by (Friedenstein et al. 1966) as the clonal, plastic adherent cells, being a 

source of the osteoblastic, adipogenic and chondrogenic cell lines. Friedenstein went 

on to pioneer in vitro culture methods for the isolation and differentiation of MSCs 

(Friedenstein et al. 1987).

M urine M SCs are classically obtained from the femora and tibiae of mice by flushing 

the marrow out of the bones with culture medium and transferring the resultant cell 

suspension in culture. Human M SCs can be similarly obtained from healthy 

volunteers by taking aspirates of bone marrow from the iliac crest and expanding on 

tissue-culture plastic (Risbud et al. 2006). Over recent years, M SC-like cells have also 

been identified in a num ber o f different tissues. Cells exhibiting MSC morphology 

and cellular characteristics have been isolated from adult peripheral blood (Zvaifler et 

al. 2000), adipose tissue (Zuk et al. 2001), skin tissue (Chunmeng and Tianmin 2004), 

trabecular bone (Sottile et al. 2002), as well as fetal blood, liver, bone marrow 

(Campagnoli et al. 2001), and lung (in 't Anker et al. 2003). Further MSC-like 

populations have been discovered in umbilical cord blood (Brices et al. 2000) and 

within the chorionic villi o f the placenta (Igura et al. 2004).

Three main approaches for the isolation of M SCs have been described and can either 

be used independently or com bined together to obtain a more homogeneous culture. 

The traditional isolation method relies on the fact that M SCs selectively adhere to 

plastic surfaces, whereas haematopoietic cells do not and can therefore be removed 

through medium changes (Luria et al. 1971). W hilst this eliminates most
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contam inating cells, the rem aining heterogeneity of the culture progressively 

decreases by serial passaging and after a num ber of passages the culture is enriched in 

the self-renewing fraction, the stem cells. Another published isolation protocol 

involves centrifugation over a Percoll gradient, which separates cell populations based 

on their density and allows the enrichm ent of nucleated cells (Dazzi et al. 2006). 

However, both methods are claim ed to be nonspecific and a newer approach has been 

suggested which resorts to sorting o f bone marrow populations by flow cytometry, 

based on MSC reactivity to a num ber of antibodies. This can either be achieved by 

positively selecting for expressed antigens or by a process o f im m unodepletion of 

cells expressing haematopoietic and/or other lineage antigens. For instance, antibodies 

against CD34, a surface m arker found on haem atopoietic cells, are frequently used to 

identify and remove nonm esenchym al cells from a marrow culture (Pittenger et al. 

1999). Since there is no single specific marker available to unequivocally identify the 

M SC, different groups have opted for a variety o f m arker combinations. M SCs appear 

relatively stable as primary cultures (M areschi et al. 2006; Bernardo et al. 2007) 

although spontaneous transformation events have been observed in long-term cultures 

(Rubio et al. 2005).

1.5.2 Mesenchymal stem cell characterization

Although antibodies to several cell surface antigens can be used to recognize M SCs 

(Haynesworth et al. 1992a; Bruder et al. 1998b) monospecific and unique m olecular 

probes do not exist to unequivocally identify these cells in vivo\ as such, it is currently 

difficult to quantify their actual num bers or identify their precise locations. The 

m ajority of data regarding the phenotypic properties o f M SCs is based on the analysis 

o f in vitro culture expanded MSCs (Deans and M oseley 2000), whereas little is
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known about the precise phenotypic characteristics of the primary clonogenic stromal 

precursors in the bone marrow that are responsible for initiating stromal cell growth in 

vivo (Short et al. 2003).

Mesenchymal stem cells are known to express a large number of adhesion molecules 

such as CD44, CD29, CD90, and stromal cell markers such as SH2, SH3 and SH4 

(Haynesworth et al. 1992a). Another antibody used in the positive selection of MSCs 

from human bone marrow is Stro-1, which recognizes an uncharacterized surface 

antigen on non-haematopoietic progenitor bone marrow MSCs (Simmons and Torok- 

Storb 1991). An up to date view of MSCs surface markers is shown in table 1.1.

Positive Negative
CD 105 
CD73 

CD90

CD34
CD45
CD14
CDl lb
CD79a
CD19
HLA-DR

Psaltis et al. (2008) 
Ratajczak et al. (2007) 
Gondo et al. (2008)

CD29 
CD44 
CD51 
CD 166

Phinney & Prockop (2007) 
Gondo et al. (2008)

CD50 T u an (2003)
c-Kit
Sca-1

Gondo et al. (2008)

3G5 Shi & Gronthos (2003)
STRO-1 
CD49a/CD29 
CD 106 
CD 146 
NGFR 
PDGFR 
EGFR 
IGFR-1

Glycophorin A Psaltis et al. (2008) 
Phinney & Prockop (2007)

Table 1.1 Surface antigen profile of MSCs
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It has been demonstrated that the SH2, SH3 and SH4 monoclonal antibodies do not 

react with haemopoietic cells (Haynesworth et al. 1992a). However, none o f these 

epitopes are considered specific markers of M SCs, for they have also been detected in 

mesenchymal, endothelial, or epithelial cells. On the other hand, MSCs do not possess 

m arkers typical for haem atopoietic and endothelial cell lineages: C D llb , CD14, 

CD31, CD33, CD34, CD 133 and CD45 (Pittenger et al. 1999; Baddoo et al. 2003).

The presence of some antigens may change in vitro, due to specific culture conditions 

and the duration prior to individual passages (Dazzi et al. 2006). Interestingly, some 

antigens may be found on freshly isolated MSCs, but their expression disappears in 

culture. Such a phenomenon was observed in the case of CD34 antigen. This 

molecule was expressed by M SCs obtained from mouse fetal lungs, but could not be 

found in in vitro cultures o f M SCs (Fibbe and Noort 2003). This would suggest that 

the expression of that molecule vanishes during the maturation process. Similar 

results were obtained in the case of chemokine receptor expression on human MSCs 

(Honczarenko et al. 2006). The second passage of bone marrow derived MSCs 

expressed: C C R l, CCR7, CCR9, CXCR4, CXCR5 and CXCR6. At the 12-16"’ 

passage, there was no expression of any of those molecules, which was also 

confirm ed by an inability of the cells to migrate towards specific chem okine 

attractants. The change in antigen expression has been also described for MSCs 

undergoing differentiation. For instance, the CD 166 antigen (activated leukocyte cell 

adhesion molecule) has been presented on undifferentiated M SCs but was absent from 

the cells that underwent osteogenic differentiation (Bruder et al. 1998b).
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As described previously, no single antigenic marker is specific to the MSC 

population; thus, no single antibody can be used to enrich MSCs from a mixed cell 

population. Therefore, combinations of various antibodies must be used in an attempt 

to characterize the MSC phenotype and allow their isolation. For example, Pittenger 

et al. (1999) suggests that the co-expression of CD 105 and CD73 could be sufficient. 

However, because the antigens to which these antibodies bind are expressed on a 

variety of cell types, investigation of in vivo tissue-specific MSCs remains 

problematic.

1.5.3 Mesenchymal Stem Cell Differentiation

MSCs can be maintained in an undifferentiated state in vitro, but have the capacity to 

produce functional stroma, to support haemopoiesis, or to differentiate along 

osteogenic, chondrogenic and adipogenic lineages, when placed in appropriate in vitro 

(Muraglia et al. 2000) or in vivo (Aslan et al. 2006) environments (Figure 1.3).
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Figure 1.3 Schematic model depicting adult stem cell differentiation.
Uncommitted MSCs undergo two stages, occurring in the stem cell compartment and 
the committed cell compartment, prior to acquiring specific phenotypes. Adapted 
from (Baksh et al. 2004)
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Studies iiave indicated that there are either multipotent M SCs present in culture or 

that cell populations are mixtures of com m itted progenitor cells, each with varying 

differentiation potential and expansion capacity (Digirolamo et al. 1999; Pittenger et 

al. 1999). W ithin a given MSC population, there is, at best, a low frequency of cells 

capable of multipotent differentiation, with most o f the cells on clonal analysis having 

bipotential or even uni-potential capacity (Digirolamo et al. 1999).

The discovery of specific in vitro  culture conditions allowed MSCs to be driven down 

certain mesenchymal cellular lineages. M esenchymal stem cells undergo 

chondrogenic differentiation in conditions involving a serum free medium, in addition 

to one o f the TGF-P super family signalling molecules (Pittenger et al. 1999; 

Campagnoli et al. 2001). The addition of these culture conditions to undifferentiated 

M SCs result in an up-regulation o f all com ponents o f the normal multilayered 

articular cartilage matrix, including aggrecan, linkprotein, fibromodulin, cartilage 

oligom eric matrix protein, decorin, type II collagen and chondroadherin (Barry et al. 

2001). This is also followed by an alteration in the fibroblastic appearance of the 

M SC as cells acquire a chondrocytic morphology, which can be seen by staining for 

type II collagen.

A dipogenic differentiation o f M SCs is stimulated by isobutylmethylxanthine, 

indom ethacin and hydrocortisone, which activate the nuclear receptor and 

transcription factor, peroxisom e proliferator-activated receptor gam m a (PPAR-y) and 

fatty acid synthase (Suzawa et al. 2003). This prom otes the production of adipocytes, 

from M SCs, with large lipid-rich vacuoles within cells dem onstrated by the presence 

o f fat globules that can be stained with Oil red O (Pittenger et al. 1999).
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It should also be noted that other differentiation pathways for M SCs have been 

dem onstrated in vitro. Several studies have shown M SCs with central nervous system, 

muscle, endothelial and tendon differentiation potentialities. Moreover, morphologic, 

gene expression and phenotypic criteria have been used to support the hypothesis that 

non-mesenchymal lineages are being created from mesenchymal progenitor cells 

(W oodbury et al. 2002).

1.5.4 Osteogenic differentiation

Osteogenic differentiation of MSCs is stimulated in vitro by treating a monolayer 

culture with a pro-osteogenic mixture. Typically used differentiation medium consists 

o f dexamethasone, ascorbic acid-2-phosphate and beta-glycerophosphate (Coelho and 

Fernandes 2000).

The addition of dexam ethasone to culture medium has been shown to increase cell 

growth, alkaline phosphatase (ALP) activity and ability to form calcium phosphate 

deposits, as shown by the von Kossa reaction and observation of the cultures by 

scanning electron m icroscopy (Coelho and Fernandes 2000). These effects are most 

probably related to the ability o f glucocorticoids, near physiological concentrations, to 

stimulate the proliferation and/or the differentiation of osteoprogenitor cells resulting 

in an induction o f the osteoblastic markers in bone cell cultures (M aniatopoulos et al. 

1988; Stein et al. 1995). On the other hand, ascorbic acid plays an important role in 

the production of the collagenous bone ECM; some studies showed that the presence 

o f various concentrations of this com pound results in a dose-dependent synthesis of 

collagen and suggested that the resulting increase in the accumulation of the ECM  is
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associated witii a higiier ALP activity and ability to form a mineralised matrix (Stein 

e ta l. 1995).

P-glycerophosphate is routinely added to bone cell cultures to induce osteogenesis and 

promote calcium  phosphate deposition (M aniatopoulos et al. 1988; Anderson and 

M orris 1993). The mechanism by which (3-glycerophosphate induces m ineralisation is 

closely linked to the high ALP activity of bone cell cultures; this com pound is rapidly 

hydrolysed by ALP to produce high levels o f local phosphate ions providing the 

chemical conditions for mineral deposition (Anderson and M orris 1993). 

Interestingly, Coelho and Fernandes (20(X)) found that cultures grown in the absence 

of a source o f phosphate ions (P-glycerophosphate) showed a higher proliferation rate; 

these cultures presented osteoblastic features, namely, a high ALP activity, but 

com plete expression of the osteoblast phenotype was not observed. However, in the 

presence o f P-glycerophosphate, further osteoblastic differentiation was achieved and 

the formation of a mineralised matrix contributed to a decrease in cell proliferation. 

As a result, these cultures presented a less proliferative but more differentiated 

osteoblastic cell population, as com pared to those lacking the mineralisation process.

M ineralized deposits can appear after a week, but the treatm ent is often m aintained 

for up to three weeks in order to maximize the num ber and size of mineralizing 

nodules. O ther important factors involved in osteogenic regulation are: transform ing 

growth factor, insulin-like growth factor, brain-derived growth factor and parathyroid 

hormone related peptide (M ackie 2003). These proteins regulate secretion o f matrix 

proteins and the expression of signals necessary for bone remodeling through 

osteoclast activation.
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Progression o f osteogenesis might be m easured through A LP activity (Yoshim ura et 

al. 2007). At the end of the treatment, cells can be fixed and stained with either 

Alizarin-Red S solution (Sottile et al. 2002) or silver nitrate for von Kossa staining 

(Okamoto et al. 2002) which highlight the calcium phosphate deposits. Quantitative 

m easurements of mineral deposition can then be obtained by colorim etry (Sottile et al. 

2002). Furthermore, osteogenic differentiation is accom panied by the expression of 

genes such as osteopontin, osteocalcin, bone sialoprotein, which can be m onitored at 

the RNA and protein levels.

Com m itm ent and differentiation o f progenitor cells down various cellular lineages 

and pathways are thought as being multi-step, unidirectional processes in which 

mature cells are formed. However, many studies have dem onstrated that different 

mesenchymal tissues can differentiate in culture and then be driven to change 

phenotype, with sim ilar events also occurring in vivo. Examples of this phenomenon 

include osteogenic cells being formed from cells with a chondrogenic phenotype 

(Galotto et al. 1994), and an induced switch in culture from the adipogenic to the 

osteoblastic lineage (Bennett et al. 1991).

This phenotypic plasticity (ability of a cell to change its phenotype in response to 

changes in the environm ent) allows cells to adapt to different tissues that reside next 

to one another during organ growth (Bianco et al. 2001). M esenchymal tissues, 

derived from a single M SC, have a different cellular phenotype, although they are still 

members o f the same organ. This M SC plasticity therefore allows cells to change their 

developm ent patterns under specific conditions to allow the developm ent o f organs to 

which they form within the human body. Suzawa et al. (2003) reported that
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expression o f interleukin-1 and tum our necrosis factor-alpha in bone m arrow may 

alter the fate of pluripotent mesenchymal stem cells, directing cellular differentiation 

towards osteoblasts rather than adipocytes by suppressing peroxisome proliferator- 

activated receptor-gam m a (PPAR-y) function. This dem onstrates the existence of 

interm ediate cell isoforms, providing evidence that mesenchymal cell lineages are not 

strictly delineated.

In addition to M SCs having the ability to divide down several mesodermal lineages 

giving rise to distinctive cells, it appears that MSCs, which originate a variety of 

mesenchym al phenotypes, may also give rise to non-m esenchym al lineages, including 

neural, ectoderm al and endoderm al lineages (Reyes et al. 2001). The plastic nature of 

the com m itted cells entering the differentiation com partm ent would be the result of 

the activation and repression events affecting transcription factor genes controlling 

m esenchym al characteristics and phenotype (Dennis and Charbord 2002).

1.5.5 Applications in Maxillofacial Surgery

The repair o f bony defects in the craniofacial skeleton is a major challenge in 

m axillofacial surgery, for traditional grafting techniques require substantial time and 

effort with associated risk of morbidity. The issue o f bone regeneration is at the 

forefront of current tissue engineering applications. To date a num ber of delivery 

vehicles (eg, porous ceram ics of hydroxyapatite, and yS-tricalcium phosphate) loaded 

with M SCs have been em ployed to heal critical-sized segmental bone defects. In an in 

vivo sheep model study by Shang et al. (2001), bilateral full-thickness defects (20 mm 

in diam eter) o f the parietal bones were repaired with bone implants constituted with 

autologous M SCs and calcium  alginate. By 18 weeks, an almost complete repair of
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the defect was observed by 3-dimensional computed tom ography scans. M ore 

recently, W am ke et al. (2004) showed that a patient’s own tissues could be utilized as 

an in vivo bioreactor to construct a neom andible for the repair o f a m andibular 

discontinuity defect. In this study, a custom-designed titanium  mesh tray was packed 

with BMP, bone mineral blocks, and a bone marrow aspirate was implanted in the 

patient’s latissimus dorsi muscle. After 7 weeks, the im plant was harvested and used 

as a free-tissue transfer to repair a m andibular defect from an earlier mandibulectom y 

for advanced oral cancer. The neomandible resulted in new bone formation and 

improved mastication. Although these results are quite promising, future advances in 

the engineering o f craniofacial bone will critically depend on the developm ent of 

resorbable scaffolds that facilitate the production of a designed tissue shape and form, 

and will then undergo degradation in a controlled manner, thus optim izing tissue 

neom orphogenesis and coupled vascular ingrowth.

In children, the successful repair o f large skeletal defects is more com plicated owing 

to the limited amount of autogenous bone, and also the restricted use of alloplastic 

materials because o f ongoing skeletal growth. Therefore, cell-based tissue 

engineering, preferably using autologous cells, offers an attractive, alternative method 

for reconstructing the skull bones. In a case report by Lendeckel et al. (2004), the 

potential o f cell-based tissue engineering for pediatric skeletal repair was eloquently 

described. In this report, a 7-year old girl suffering from widespread calvarial defects 

was treated with the use o f 2 large, resorbable m acroporous sheets and adipose- 

derived stem cells. The stem cells were used in the hope o f  enhancing the 

regeneration process, and they were kept in place using autologous fibrin glue. A fter 3
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months, postoperative com puted tomograpiiy scans showed new bone formation and 

near com plete calvarial continuity.

A recent study by Qi et al. (2006) reported on the effects of M SCs on mandibular 

distraction osteogenesis in a rat model. After distraction was complete bone marrow- 

derived M SCs were injected into the distraction gap, while control animals were 

injected with only physiologic saline. Animals were sacrificed on postoperative days 

27 and 55 and processed for radiographic and histom orphom etric analyses. The 

results o f this study dem onstrated a higher radiodensity of the distraction zone in the 

experim ental group com pared with those in the control group. Histomorphometric 

analysis also revealed greater bone volume and thickness of the new trabeculae in 

anim als injected with MSCs.

1.6 Scaffolds for tissue engineering

Since Friedenstein and colleagues’ first publications in the 1980s (Friedenstein et al. 

1987), we have known that M SCs can be used to engineer mesenchymal tissues, such 

as bone and cartilage. Therefore, scientists worldwide are working to provide the right 

carrier and the appropriate set o f cells that, once re-transplanted, will ensure bone 

repair.

Culturing cells in vitro using a two dim ensional environm ent may only approximate 

properties o f natural tissues. This is because it does not allow cells to move or 

assem ble and it does not take into consideration the impact o f other cells and the local 

environment. W hile the culture o f cells in two dim ensions can yield much useful 

inform ation about cellular differentiation, it is not until we move to the three
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dimensional setting that we can generate useful tissue replacements (Farrell et al. 

2007). Studying cells in 3D models allows us to better understand their biochemical 

and biophysical signalling responses as they would normally occur in vivo.

Scaffolds present certain advantageous features of the natural ECM to facilitate cell 

recruiting/seeding, adhesion, proliferation, differentiation and neo tissue genesis. A 

suitable scaffold will provide ample anchorage sites for cells, mechanical stability and 

structural guidance to whatever cells are seeded onto it (Rose and Oreffo 2002). In 

recent years, several scaffolds have been developed with a great variety in surface 

properties, strength, degradability, and structure. Regardless of what the scaffold is 

made of, it must fulfil certain criteria in order to successfully promote cell adhesion, 

growth, proliferation and differentiation.

1.6.1 Properties of scaffolds for tissue engineering

The properties of the scaffold may affect the behaviour o f ingrowing cells during 

healing and eventually the regenerative results of tissue engineering. An ideal scaffold 

as described by O 'Brien et al. (2004) must be composed of a biocompatible substance 

that will degrade in the body at a rate that allows the scaffold to remain insoluble just 

for the duration o f the critical cellular processes. The chemical composition must 

incorporate ligands appropriate for the binding of cells specific to each application. It 

should have an average pore size which is large enough to permit adequate cell 

m igration but small enough to retain a critical total surface area for cellular 

attachment. The scaffold should also have a large pore volume fraction to allow 

transport o f nutrients and metabolites.
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Caplan (2005) stated that the scaffold must 1) Allow for and encourage cell 

attachment, 2) Be porous so the differentiated cells can make abundant and 

specialized ECM, 3) Allow bioactive molecules to have access to the cells, 4) 

Perfectly integrate into the neotissue or silently disappear, 5) Provide some cellular 

cueing, and 6) Be m echanically sensitive to the site.

The interconnectivity of the scaffold pores affects m olecular transport within the 

scaffold, whilst porosity determ ines cell seeding efficiency and diffusion within the 

scaffold core (O 'Brien et al. 2005). Pore size should be bound within an upper and 

lower limit, with an optimal diam eter of approxim ately 96 pm  (O'Brien et al. 2004; 

O 'Brien et al. 2005).

The scaffold should preferably have a controllable degradation rate, with non toxic by 

products. It should provide mechanical stability to support the growing tissue during 

in vitro  and/or in vivo growth phases (Hutm acher 2000). Additionally, it must be easy 

to handle by the surgeon and withstand the mechanical forces imposed on it during 

the implantation procedure.

1.6.2 Biomaterials in bone tissue engineering

Scaffolds usually are com prised o f either a ceramic such as hydroxyapatite and 

tricalcium phosphate or a polymer. The polymers are further subdivided into natural 

and synthetic. Ceramics and polymers each have different characteristics that make 

them attractive as bone regenerative substitutes.

1.6.2.1 Ceramic Scaffolds
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The properties that make ceramics attractive for use as biomaterials (particularly in 

hard tissue applications) are their chemical inertness and their high com pressive 

strength. Ceramics such as alumina, beta tricalcium phosphate (P-TCP), zirconia and 

hydroxyapatite (HA) have already been used in the human body. Indeed, HA is 

present in the body as the mineral phase in bone.

Due to their inertness and good wear properties, alumina and zirconia have been used 

to replace the femoral head in hip replacements (Allain et al. 1999). Coatings o f HA 

have been applied to hip replacements in an attempt to improve the bonding o f the 

cem entless implant to bone (Rokkum et al. 1999). Attempts have also been made to 

make bone graft substitutes out of ceramics such as alumina, calcium  aluminate, 

bioactive glass and P-TCP but most o f these attempts have focussed on using HA 

(Nade et al. 1983; Uchida et al. 1984; Holden and Bernard 1990; M oreira-Gonzalez et 

al. 2005).

Denissen et al. (1980) implanted dense HA (with a porosity of 0.1-3% ) into rat tibiae. 

The authors concluded that HA was biocompatible and that bone bonded strongly to 

the implant. After six months, no degradation of the implant occurred. Due to the non- 

porous nature of the implant, cells could not infiltrate it and no rem odelling could 

occur. In ceram ic implants with limited porosity and a pore size o f 2-6 pm , little 

invasion o f bone into the graft occurred except where the implant had cracked (Nade 

et al. 1983). Therefore, while dense implants provide structural stability to the bone, 

only surface bonding to the bone can occur and the implant cannot be rem odelled into 

bone. The body will not repair the graft and the fatigue properties of the graft become 

important.
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To overcome this drawback, ceramic grafts were made with much higher porosities. 

HA cubes with a porosity of 70% were used to fill gaps left after bone cyst removal in 

humans. The cubes were packed into the cavity and after four to twelve weeks, new 

bone was observed around and on the cubes. Consolidation occurred after an average 

o f over two months. Remodelling o f the blocks occurred slowly and after two years, 

while the outline of the cubes had blurred, the im plantation site was still obvious in x- 

rays (Inoue et al. 1993). In an in vivo study using sintered ceramic scaffolds made of 

HA and (3-TCP in the ratio 60:40 implanted into mice, it was found that despite the 

porosity o f the construct being 90%, cells were poorly distributed and had formed a 

poorly organized ECM (Zhang et al. 2006).

Attempts were made to develop grafts with similar morphology to trabecular bone. In 

one study, bovine bone was replicated using HA and P-TCP via a lost wax process 

(Tancred et al. 1998). As the porosity increased, however, the com pressive strength of 

the graft decreased exponentially and the [3-TCP replicas were considerably weaker 

than anorganic bone. In order to make the graft, the micropores in the trabeculae had 

to be sealed. Thus, the resulting graft, while very sim ilar to trabecular bovine bone at 

a m acrostructural level, did not exhibit the microporosity of bone (Tancred et al. 

1998). This may decrease the protein adsorption capabilities o f the graft (W oodard et 

al. 2007). Decreasing the porosity in order to increase m echanical strength has 

im plications for the ability of cells to penetrate and rem ain viable in the scaffold. 

Since osteointegration o f the scaffold depends on cellular adhesion and responses to 

the construct, decreasing the porosity may decrease the osteoconductive abilities of 

the scaffold (Sun et al. 2006).
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HA has been proved to be biocompatible, but its resorbabiiity has been called into 

question. Differing opinions arise because the resorbabiiity of HA depends on a 

num ber o f different parameters. In bone, HA is present as nano-sized particles of low 

crystallinity. It has been reported that particles below a diam eter of about 2 pm  resorb 

while those above this threshold do not (Bauer and M uschler 2000). Implants made 

with HA o f particle size o f 0.25-1 mm have also been reported as resorbable, although 

using this graft, some particles of HA were unresorbed after 6 years (Scabbia and 

Trombelli 2004).

HA exhibits promising characteristics for use as a bone graft substitute. However, its 

brittleness when highly porous and the decrease in its resorbabiiity as particle size and 

crystallinity increase are drawbacks that must be overcome in order to develop a bone 

graft that meets all the clinical requirements.

1.6.2.2 Synthetic Polymer Scaffolds:

M any polymers have been investigated for bone tissue engineering applications. The 

most commonly used polymers are polylactide acid (PLA), polyglycolide acid (PGA) 

and a com bination of the two, polylactic/glycolic acid (PLGA) (Taboas et al. 2003). 

The popularity of these polymers as biomaterials is in no small part due to their food 

and drug adm inistration (FDA) approval for use in jo in t replacements.

W hen PLGA scaffolds were seeded with stromal osteoblasts, the cells adhered, 

proliferated and deposited mineral on the scaffolds (Ishaug et al. 1997). They have 

also been used to stabilize haem atom ata in critical size defects in rat calvaria and thus
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induce bone regeneration, altiiough only small amounts of m ineralised tissue were 

observed (W hang et al. 1999).

Yang et al. (2001) investigated the effects of culturing osteoprogenitor cells on PLGA 

when surface properties had been altered by incorporating the Arg-Gly-Asp sequence 

into the surface of the scaffold. This led to increased ALP activity and increased 

collagen type I expression.

The main advantage of using synthetic polym ers is the fact that their m echanical and 

physical properties can be manipulated by adjusting the ratio of different polymer 

segments (Kumar et al. 2001). For instance, controlled degradability has been 

accomplished by synthesising polymers that deliberately incorporate hydrolytically 

unstable linkages in the backbone (Hasirci et al. 2001). The fundamental problems 

associated with the use o f synthetic polymers are their degradation products, acidity 

and alcohol content. The acidity has been implicated in accelerating the degradation 

o f the scaffold and causing a pronounced inflammatory response in the surrounding 

tissue leading to an inhibition o f tissue formation (H utm acher 2000).

1.6.2.3 Natural Polymer Scaffolds

The greatest disadvantage of synthetic materials is the lack of cell recognition signals; 

natural polymers offer an alternative as they can mimic more closely the natural ECM  

of tissues (Kim and M ooney 1998). Exam ples of natural polymers include alginate, 

chitosan, glycosaminoglycans, collagen, gelatin, silk, fibrin, and elastin (Park et al. 

2002; Nazarov et al. 2004). These m aterials are found naturally in the ECM  of many 

tissues. As biological materials, they have excellent biocom patibility and provide
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more ligands for cells to attach to the scaffold. The major concerns associated with 

polymeric scaffolds for bone tissue engineering are low mechanical strength and 

shape retention failure. While their stiffness is sufficient for use as soft tissue grafts, 

in an unaltered state they may not suffice for load-bearing tissues such as bone.

Alginate hydrogels have been used for bone marrow cell tissue engineering 

particularly for chondrocytes (Steinert et al. 2003). The alginate is a copolymer 

derived from brown sea algae and forms a stable gel at room temperature. Wang et al. 

(2003) demonstrated that proliferation levels of rat bone marrow cells were 

comparable to those seen on tissue culture flasks, and for the first time that alginate 

gels could support their differentiation along the osteoblast lineage.

Chitosan is a derivative of naturally occurring chitin. Chitosan has good 

biocompatibility, low toxicity and is structurally similar to the natural 

glycosaminoglycans (GAGs) found in the natural ECM of tissues including skin, 

bone, and blood vessels. Some chitosan scaffolds present mechanical weakness and 

instability due to the high degree of swelling. The increase in mechanical strength, 

achieved by changing the processing methodology (Seol et al. 2004), or by chemically 

bonding chitosan with other natural origin polymers such as alginate (Li and Zhang 

2005), promoted the in vitro proliferation and differentiation of osteoblastic cells 

(Seol et al. 2004; Li and Zhang 2005), as well as the vascularisation and deposition of 

connective tissue and calcified matrix in vivo. The use of glutaraldehyde during 

fabrication of chitosan produces metabolites which may inhibit cell-growth (Hennink 

and van Nostrum 2002); therefore, it has limited potential for use in tissue engineering
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applications. Chitosan m odified with GAGs or ceramic, however, have shown more 

favourable results for skin and bone tissue engineering.

Silk-based scaffolds have been shown to support human MSC attachment, spreading 

and growth in vitro. However, depending on variables such as processing conditions 

(Jin et al. 2004; Kim et al. 2005), surface properties and degradability rates (M einel et 

al. 2004b), different responses in terms of bone-like tissue formation were observed.

Collagen  is the most abundant structural protein found in the body; it is found in 

almost every tissue. It is one o f the major constituents of bone and hence, its use as a 

bone graft substitute has been of interest to researchers. It consists o f fibrils made of 

polypeptide chains with carboxyl groups that interconnect by covalent and hydrogen 

bonding (Zou et al. 2005). Collagen in bone is predom inantly type I and this is the 

collagen type used to manufacture the scaffolds studied in this project. It has a 

structure that is conducive to prom oting mineral deposition and it binds the non- 

collagenous matrix proteins, which initiate and control m ineralisation by itself (Parikh 

2002). Bone is primarily com posed of collagen mineralised with calcium salts; the 

collagen provides a scaffold for the calcium  to form upon. The contribution of type I 

collagen to the mechanical properties o f bone has been underappreciated and not very 

well studied whereas the contribution of the mineral phase of the matrix of bone has 

dom inated scientific thinking (Burr 2002).

Collagen is a widely used biomaterial for porous scaffolds in tissue engineering due to 

its excellent biocom patibility and biodegradability. Scaffolds made from collagen 

have been used in a variety o f applications such as skin replacements, bone and
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cartilage substitutes, artificial blood vessels and valves. Other medical uses of 

collagen are as drug delivery systems, sponges for burns/wounds, and nanoparticles 

for gene delivery systems. Collagen scaffolds possess requisite haemostatic 

properties, low antigenicity, and reasonable mechanical characteristics for use in 

tissue engineering applications (Silver et al. 1979).

Collagen-based scaffolds provide a platform for quantitative studies o f in vitro cell 

behaviour. These open-cell foams are biodegradable and are characterized by an 

interconnected pore network defined by struts, providing an appropriate environment 

for in vitro and in vivo tissue engineering applications. Cells attach, proliferate and 

form matrix on porous collagen scaffolds, confirming that collagen is a promising 

scaffold material (Bouvier e t al. 1990; Serre et al. 1993). In an in vivo study using 

mice, scaffolds made of collagen showed a much better cellular response than porous 

ceramic scaffolds or fibrous titanium scaffolds, with a well organised ECM and 

capillary ingrowth by 12 weeks (Zhang et al. 2006). Similarly, when ceramic 

materials were coated in collagen, cell proliferation increased over non-coated 

controls (Brodie et al. 2(K)5).

Glycosaminoglycans (GAGs) such as hyaluronan, chondroitin sulfate, dermatan 

sulfate, heparan sulfate, and keratan sulfate are common constituents of cell surfaces 

and extracellular matrices and they are involved in binding and m odulation of 

enzymes, protease inhibitors and cytokines (Pieper et al. 2000).

The most common tissue-engineering application of GAGs has been in scaffolds such 

as collagen-chondroitin sulfate scaffolds. The incorporation o f GAGs into these
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scaffolds was found to improve tissue growth and regeneration over the use of 

collagen alone (Hubbell 2003; O 'Brien et al. 2005).

Pieper et al. (2000) studied the tissue response to type I collagen scaffolds which were 

crosslinked in the presence and absence of GAGs. B iocom patibility o f the scaffolds 

was concluded from the induction of a transitional inflammatory response, and the 

regeneration of new host tissue. The im m unosuppressive properties of GAGs may 

provide an additional explanation for the reduced tissue response against collagen- 

GAG scaffolds. After 10 days o f im plantation collagen- chondroitin sulfate scaffolds 

appeared to be unattractive substrates for infiltration o f macrophages and form ation of 

giant cells. This may in part be mediated by blocking o f CD44 by immobilized GAGs 

or GAG fragments (Sterling et al. 1998; Pieper et al. 2000). It has also been suggested 

that GAGs may display immunosuppressive properties. For example, heparan sulfate 

decreased the production o f interleukin-4 by lym phocytes in vitro (W renshall et al. 

1999), and inhibited interferon gamma (INF-y) by com petitive sequestration o f these 

cytokines from cell surface heparin sulphate proteoglycans (HSPGs) and high affinity 

receptors (Douglas et al. 1997).

The presence o f GAGs has not been found to alter the m orphology, in vitro 

degradation (Pieper et al. 1999), or mean tensile strength (Daamen et al. 2003) of 

native unseeded collagen-G A G  scaffolds. The GAG component, however, has been 

observed to delay scaffold degradation in vivo (Ellis and Yannas 1996), which 

indicates some possible interaction between cells and the GAGs.
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GAGs have been found to amplify the biochemical and biomechanical properties of 

scaffolds when com bined with collagen by affecting scaffold propjerties such as water 

retention and com pressive strength as well as cell signalling with respect to cell 

adhesion, migration and differentiation o f cells (Docherty et al. 1989; Pieper et al. 

1999; Daamen et al. 2003). They also thought to indirectly participate in collagen 

fibril organization (Daamen et al. 2003).

In order for osteoblasts to create bone matrix, cells secrete an ECM, which is then 

mineralized by the nucleation and deposition of calcium  and phosphate forming 

impure hydroxyapatite, which gives bone its mechanical strength. Some studies have 

shown that there can be an inhibition of hydroxyapatite crystal growth in the presence 

of GAGs and proteoglycans (Rees et al. 2004; Balasundaram et al. 2006). However, 

other studies have found chondroitin-sulphate to have no effect on the formation of 

hydroxyapatite crystals (Rees et al. 2002).

1.6.3 Collagen GAG Scaffolds

Burke et al. (1981) first described the use of collagen GAG copolymers as an artificial 

skin substitute. The scaffold received FDA approval in 1996 for use as a dermal 

replacement in bum s patients. W hen used as a skin graft, these natural scaffolds 

produced less hypertrophic scarring com pared to other grafts including autografts, 

allografts, xenografts, and a synthetic dressing (Yannas 1994). They have been shown 

to induce regeneration o f the conjunctiva and have enhanced peripheral nerve 

regeneration (Chamberlain et al. 1998). A silicone tube-collagen-G A G  combination 

has been shown to induce a significantly greater number of axons per nerve and of 

large diam eter axons, a significantly greater mean fiber diameter, and a significantly
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greater action potential conduction velocity than unfilled tubes, in which regeneration 

is poor (Chamberlain et al. 1998). Recently, thought has been given to using collagen- 

GAG copolym ers as bioactive scaffolds for the culture o f bone and cartilage derived 

cells (Zaleskas et al. 2004; Farrell et al. 2006).

C ollagen-G A G  scaffolds possess many qualities that make them suitable for tissue 

engineering applications; they have degradation rates that can be adjusted within a 

wide range, and they can be fabricated from a num ber of m acrom olecular constituents 

with a variety o f pore structures (O 'Brien et al. 2005). Both type I collagen and GAGs 

are found endogenously and are therefore not toxic. Type I collagen is often used as a 

surface coating on other scaffolds to promote cell adherence. Indeed, the presence of 

type 1 collagen has been shown to be essential for the induction o f osteocalcin 

expression (Xiao et al. 1998). In the case o f collagen GAG scaffolds this coating is 

not necessary and the presence of type I collagen should promote osteogenesis. These 

facts demonstrate the potential benefits afforded by collagen-GAG scaffolds as a 3D 

environment for culturing mesenchymal stem cells for tissue engineering bone and 

cartilage.

Although collagen-GAG scaffolds may have excellent biological qualities, lim itations 

surrounding degradation rates and m echanical stiffness remain, which is particularly 

problematic for bone tissue engineering where the scaffolds are required for load 

bearing applications. The collagen-GAG scaffold does not have the same load bearing 

qualities as bone; however its purpose is to provide a scaffold where osteoblasts can 

produce their own mineralised ECM  replicating that o f the defect. Improving the
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mechanical properties of the collagen-GAG scaffold prior to cell-seeding is an 

important research goal and is on-going in our laboratory.

In designing bioactive collagen scaffolds, four physical and structural properties must 

be controlled to critical levels: the periodic banding o f the collagen fiber structure 

must be selectively abolished to prevent platelet aggregation, the chemical 

composition must incorporate ligands appropriate for the binding of cells specific to 

the area of study, the mean pore size must be bounded within lower and upper limits, 

and the degradation rate must allow the scaffold to remain insoluble for a critical 

period (Yannas 1997; Yannas 2001).

The original version o f the scaffold was fabricated using a freeze-drying process in 

which a collagen-G A G  suspension is solidified, leaving the collagen-G A G  to co

precipitate between growing ice crystals (Yannas et al. 1989). This fabrication 

protocol resulted in a structurally heterogeneous scaffold inappropriate for detailed in 

vitro studies of cell behaviour. In order to utilize the collagen-GAG scaffold for 

quantitative, in vitro investigations of cell motility and contraction process, it is 

critical to produce a series of standardized scaffold variants with well-defined 

properties such as the average pore diam eter and the degree o f chemical cross-linking. 

The average pore diam eter is a measure of the specific surface, or the surface area per 

unit volume, available for cell and axon attachment. Scaffolds with sm aller pores 

possess a higher specific surface. The degree of cross-linking determines both the 

mechanical stiffness (W eadock et al. 1995; Lee et al. 2000; Torres et al. 2000) and the 

rate at which the scaffold is resorbed in vivo (Yannas et al. 1975).
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For the collagen type I-GAG scaffolds used in this research project, a modified freeze 

drying technique has been used (O'Brien et al. 2005). The new technique allows 

production of collagen-GAG scaffolds with a hom ogeneous pore structure 

characterized by equiaxed (spherical) pores. Such a structure will present a consistent 

pore microstructure as well as a uniform distribution of ligands to all cells within the 

experim ental volumes under study, making quantitative m easurement of cell 

behaviour possible. The pore volume fraction and mean pore size can be controlled by 

m odifying the volume fraction o f the precipitate and the freezing temperature, 

respectively. By solidifying the collagen-GAG suspension at a warmer freezing 

tem perature, larger ice crystals form due to the reduced solidification rate and 

resultant increased time of ice crystal coarsening, resulting in scaffolds with increased 

mean pore size. The range o f pore sizes developed during this freezing process is 

biologically important because the pores need to be large enough to allow cell 

m igration within the scaffold, and each cell type requires an optimal pore size.

The strength of a tissue-engineered graft is important and collagen scaffolds in their 

freeze-dried form do not have sufficient m echanical strength for use as a bone graft. 

In order to improve the mechanical strength and handling properties of the scaffold, 

both chemical and physical crosslinking methods have been employed. Crosslinking 

also preserves scaffold integrity during implantation and decreases tissue responses 

probably by reducing scaffold biodegradability and antigenicity (Hardin-Young et al. 

1996; Pieper et al. 2000).

The growing interest in collagen-G A G  scaffolds as substrates for culturing various 

cell types has attracted researchers to study and improve their m echanical and
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biological properties. O'Brien et al. (2007) studied the permeability/fluid mobility of 

collagen-GAG scaffolds as a function of pore size and compressive strength. The 

results of both the experimental and the mechanical analyses revealed that scaffold 

permeability/fluid mobility increases with increasing pore size and decreases with 

increasing compressive strength. The relationship between compressive strength and 

permeability in the collagen-GAG scaffolds is useful in designing constructs for in 

vivo studies where significant loads may be applied to the scaffold. In another 

experiment, MC3T3-E1 mouse clonal osteogenic cells were seeded onto four variants 

of collagen-GAG scaffolds with a constant solid volume fraction but variable pore 

size (O'Brien et al. 2005). The constructs were maintained in culture for 24 and 48 

hours. It was observed that scaffolds with different mean pore sizes had significantly 

different levels of cell attachment, in particular that as pore size decreased in the 

collagen-GAG scaffolds, the level of cell adhesion increased. The authors 

hypothesized that this effect may be due to a lower ligand density available for 

adhesion.

Osteoblast attachment to the ECM occurs in two phases: (1) the attachment phase 

which occurs almost immediately using physiochemical linkages such as ionic and 

van der Waals forces and (2) the adhesion phase which occurs in the longer term 

using specific proteins to adhere the cells to the underlying ECM (Anselme 2000). 

Because collagen type-I is a major component of bone ECM, the increase in collagen 

content in the scaffolds should lead to an increase in cell attachment and, therefore, 

cell activity by providing more ligands available for osteoblast attachment. The results 

obtained in our laboratory by Tierney et al. (2008) support this hypothesis. A scaffold 

with high collagen content (1%) demonstrated high metabolic activity and cell
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num ber while maintaining its 3D scaffold structure indicating that this scaffold 

variant may be very suitable for bone tissue engineering.

Tierney et al. (2008) found that varying the GAG concentrations had an effect on 

metabolic activity, cell num ber and cell infiltration. Constructs containing 0.088% 

GAG had the highest cell m etabolic activity and cell infiltration above other collagen- 

GAG scaffolds. This was in agreem ent with a previous study by Pieper et al. (1999) 

showing that preparation o f collagen scaffolds with GAG allows the GAG to interact 

with cells as well as increasing the water-binding capacity of the scaffold. This 

preserves the porous structure and allows for diffusion o f nutrients and waste through 

the scaffold, which is supported by the high porosity m easurements for all o f the 

GAG scaffold variants.

The em ploym ent o f collagen-GAG scaffolds in this research project was based on 

prior work that was carried out in our laboratory (Farrell et al. 2006). The authors of 

that study exam ined the ability of the scaffold to support the osteogenic differentiation 

of murine bone marrow derived M SCs in vitro. The results dem onstrated that M SCs 

can undergo osteogenesis when grown on the collagen-GAG scaffold and stimulated 

with osteoinductive factors (dexam ethasone, ascorbic acid, and p-glycerophosphate), 

as evaluated by the temporal induction of the bone-specific proteins, collagen I and 

osteocalcin.

Collagen I is a matrix protein and marker o f preosteoblast activity (Kalajzic et al. 

2003), whereas osteocalcin, a reliable marker of osteogenesis, is a bone-specific 

protein secreted by active osteoblasts and is required for the binding of Ca "̂  ̂ and
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hydroxyapatites in the process of matrix minerahzation (Hauschica and Wians 1989). 

The osteocalcin gene is a target for the core binding factor (Cbfa-1), which has been 

shown to be involved in the differentiation of MSCs along the osteogenic lineag 

(Komori 2000).

In collagen-GAG scaffolds seeded with MSCs and treated with osteoinductive factors 

for 21 days, increased osteocalcin expression was detected and at this time point 

mineralized osteoid was also observed (Figure 1.4). The collagen-GAG scaffold 

therefore supported both osteogenesis and mineralization. This was the first report 

demonstrating MSC osteogenesis and subsequent matrix mineralization within the 3- 

D collagen-GAG scaffold (Farrell et al. 2006). The results obtained suggest that the 

collagen-GAG scaffold may therefore have potential in the development of tissue- 

engineered constructs for use in the repair of bony defects.

-O F  + OF

Figure 1.4. MSC-Mediated mineralization of collagen-GAG scaffolds. Matrix 
mineralization was assessed by von Kossa (i and ii) or alizarin red staining (iii and iv). 
Treatment with osteoinductive factors (OF) induced mineralization (Farrell et al. 
2006).
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MSC differentiation along the osteogenic route within a static 3-D environm ent has 

focused on the use of the PGLA scaffold, and such studies have dem onstrated the 

induction of osteocalcin to occur between 14 and 21 days (Goldstein et al. 2001). 

This is in agreem ent with the observation by Farrell et al. (2006) of matrix 

mineralization in collagen-GAG scaffolds within this timeframe. Nonetheless, there 

are a number of reasons why collagen is a better substrate for tissue engineering of 

bone. As a normal constituent of bone, collagen is a more physiological substrate for 

osteoblasts than m aterials such as polystyrene, titanium, or poly-lactic and 

polyglycolic acid which are commonly used as implant m aterials (Green et al. 1995; 

Shi et al. 1996). For instance, osteoblast-like (Saos-2) cells grown on collagen gel- 

coated dishes displayed greater adhesion and expression of ALP, a marker for 

osteoblast function, than those grown on untreated plastic (Masi et al. 1992). Primary 

osteoblasts have also been shown to adhere more strongly and proliferate more 

rapidly on collagen-coated rather than untreated titanium alloy (Roehlecke et al. 

2001 ).

1.6.3.1 Cell-Mediated contraction of Collagen-GAG Scaffolds

Several investigations have found that a variety of connective tissue cells, including 

chondrocytes (Lee et al. 2001a), fibroblasts (Freyman et al. 2001), osteoblasts 

(M enard et al. 2000) as well as intervertebral disc (Schneider et al. 1999), meniscus 

(M ueller et al. 1999), ligament (M urray and Spector 1999), tendon (Torres et al. 2000; 

Spilker et al. 2001) and peripheral nerve cells can contract a collagen-GAG scaffold 

in vitro.
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The identification o f connective tissue cells with contractile potential has been based 

on: (1) expression of the contractile actin isoform of smooth muscle cells, a-sm ooth 

muscle actin (SMA) (Gabbiani 1998); (2) demonstration in vitro o f the cell-m ediated 

contraction o f tissue (Gabbiani et al. 1972) or a collagen gel (Grinnell 1994); (3) 

demonstration by transmission electron m icroscopy that the cells have ultrastructural 

features of smooth muscle cells (Ross and Reith 1969; Gabbiani et al. 1971); and/or 

(4) demonstration that the cells respond to agents that are known to selectively affect 

smooth muscle cells (Gabbiani et al. 1972; Gabbiani et al. 1976).

SMA is one o f six actin isoforms coded by different genes: /^-cytoplasmic, y- 

cytoplasmic, y sm o o th  (enteric) muscle, a-skeletal muscle, a-cardiac muscle, and 

SMA (Herman 1993). M ost cells contain the [i- and y-cytoplasmic actins, which help 

maintain shape and facilitate migration, y-smooth (enteric) muscle actin, a-skeletal 

m uscle actin, a-cardiac muscle actin, and SMA are isoforms that are related to 

contractile behaviour.

The presence of these contractile actin isoforms does not prove that the cell is actively 

contracting, but rather that the cell has the potential for contraction (M enard et al. 

2000). Because it has shown promise for tissue engineering, the collagen-GAG 

scaffold has been increasingly used as a favourable model to demonstrate the 

contractile behaviour of various cell types in vitro.

It has been proposed that cell motility involving the extension and retraction of cell 

processes is sufficient to bend collagen fibrils and, thus, provides a mechanism by 

which chondrocytes can contract collagen gels (Ohsawa et al. 1982) and manipulate

59



their ECM to impart certain architecture (Lee and Loeser 1999). However, the finding 

by Lee et al. (2000) that articular cartilage chondrocytes were able to express SMA 

and contract a collagen-G A G  analog of ECM suggests a role for this actin isoform in 

the chondrocyte control o f cartilage matrix architecture. In addition, studies have 

dem onstrated that the SMA content increases with time in culture (K inner and Spector 

2001). This study also dem onstrated that higher passage chondrocytes with a higher 

SMA content contracted a collagen-GAG scaffold to a greater extent than cells of a 

lower passage number.

The contractile behaviour of these cells could im pact the performance of porous 

scaffolds employed for tissue engineering (M ueller et al. 1999; Schneider et al. 1999). 

Cell-m ediated contraction o f scaffolds can collapse the pores of the scaffold, thereby 

possibly affecting cell migration and proliferation and the flow o f nutrients, and can 

distort the shape of the construct (Lee et al. 2000; Ma et al. 2(X)4). Prior work using 

collagen-GAG scaffolds seeded with chondrocytes has shown that during the active 

phase o f contraction, mitosis and biosynthesis decreased (Lee et al. 2001a). In 

addition, it has been reported that the DNA content of synovial cell-seeded scaffolds 

decreased throughout the culture period, indicating cell loss that may have been due to 

compression of the pores in the contracted scaffolds (Vickers et al. 2004).

Because of the contraction o f cell-seeded scaffolds, changes in the size and 

m icrostructure of the implants take place. A change in size will cause difficulty in 

fitting a specific implant site, or cause separation from the surrounding tissue host 

(M ueller et al. 1999; Torres et al. 2000). Furthermore, in vivo deform ation of the 

scaffold could result in a loss of contact between the implanted device and the host

60



tissue, thereby decreasing the chances for successful integration o f the repair tissue. 

For instance, the contractile behaviour o f cultured chondrocytes may affect their 

contribution to tissue engineered cartilage repair. One clinically used procedure 

involves injecting cultured chondrocytes directly into cartilage defects (Brittberg et al. 

1994). Other procedures under investigation involve seeding cultured chondrocytes 

into porous scaffolds implanted into cartilage defects. If these chondrocytes behave in 

vivo the way they have been observed to behave in vitro, contraction o f the 

surrounding ECM  may im pair the formation of repair tissue by com prom ising contact 

between repair and host tissue (Lee et al. 2000).

Several prior studies using comparable collagen-GAG scaffolds with various cell 

types (Torres et al. 2000; Lee et al. 2001a) have demonstrated histologically that the 

maximal contraction in this system was reached when the pores o f the scaffold were 

almost com pletely compressed. W hen synovial cells were seeded onto collagen-GAG 

scaffolds (Vickers et al. 2004), histology revealed compression of the pores on the 

surface of the scaffolds as early as 7 days post seeding, with collapse o f the pores 

proceeding from the surface to the central regions o f the scaffolds throughout the 4- 

week culture period. This behaviour likely reflects the contraction o f the multiple cell 

layer on the surface of the scaffold and has been reported for several other 

musculoskeletal cell types (M enard et al. 2000; Torres et al. 2000; Cai et al. 2001).

Such behaviour has drawn attention to the importance of methods to down regulate 

SMA expression in these cells or to implement scaffolds o f sufficient m echanical 

stiffness to resist the SM A-enabled cell contraction (Lee et al. 2001a). Additional 

cross-linking of collagen-GAG scaffolds may increase scaffold stiffness to the level
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that contractility is reduced (Zaleskas et al. 2004). W hen seeded with peripeheral 

nerve cells, dehydrothermal (DHT) crosslinked collagen-G A G  scaffolds exhibited 

more shrinkage than scaffolds which were more highly crosslinked by controlled 

exposure to ultraviolet light (UV) in addition to DHT treatm ent (Spilker et al. 2001). 

In another study, Lee et al. (2001a) found that l-ethyl-3-(3-dim ethylam inopropyl) 

carbodiim ide (EDAC) crosslinking provided a nine fold increase in the apparent 

com pressive modulus over DHT cross-linking. M oreover, this increased stiffness in 

the EDAC crosslinked scaffold was able to slow contraction and limit the amount of 

contraction to approxim ately 30% of the original dimensions. In a study by Ma et al. 

(2004), the authors dem onstrated that the biostability of collagen-GAG scaffolds was 

significantly improved when they were EDAC crosslinked in the presence of lysine. 

The authors of that study reported that the microstructures o f the scaffolds were 

largely preserved and the resistance to cel! m ediated contraction was greatly 

enhanced.

Spilker et al. (2001) dem onstrated that pore diam eter significantly affected 

contraction of constructs made of sciatic nerve explants placed on top of C ollagen- 

GAG discs. The results showed 80% greater cell-m ediated contraction of DHT 

crosslinked small-pore explant-scaffold constructs than the DHT large-pore scaffolds 

at 30 days in culture. One explanation of the possible differences based on pore 

d iam eter is the fact that porous scaffolds with smaller average pore diam eter possess a 

larger specific surface (Spilker et al. 2001). The authors hypothesized that small-pore 

scaffolds may have provided more surface for the attachm ent o f contractile cells, thus 

resulting in increased force transfer and increased cell-m ediated contraction. This 

hypothesis was supported by the observation that differences between pore size
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groups were more evident at days 25 and 30 when a substantial num ber of cells were 

present in the scaffolds, exerting contractile forces.

Using MC3T3-E1 osteoblastic cell line, the study by M enard et al. (2000) was the 

first demonstration o f the capability of osteoblasts to express SM A and display 

contractile activity when seeded into collagen-GAG scaffolds in vitro. The cell- 

m ediated contraction of the collagen-GAG scaffolds used in that study resulted in a 

dramatic reduction in the diameters of the pores in the annular region o f the scaffolds 

and little change in diam eter of the internal pores. In scaffolds im plem ented for bone 

tissue engineering the contraction of osteoblasts may distort the scaffold and cause 

collapse of the pores thereby jeopardizing the perform ance o f the im plant (Lee et al. 

2001a).

A number o f in vitro studies in mouse (Peled et al. 1991) and human (Charbord et al. 

1990; Bonanno et al. 1994) bone m arrow -derived stem cells have dem onstrated that 

they expressed the gene for SMA. Nevertheless, the first investigation o f the 

contractility o f bone marrow derived MSCs was carried out by Cai et al. (2001). They 

dem onstrated that M SCs isolated from both lapine and canine bone marrows contain 

high levels o f SMA, and further dem onstrated that the SM A-containing cells can 

contract a collagen-GAG analog of ECM. O f note, in that study, was the dramatic 

increase in SMA content o f the cells with passaging. That the M SCs likely serve as 

progenitor cells for musculoskeletal connective tissues, and because they express the 

gene for SMA, may explain the recent findings o f SMA in osteoblasts (M enard et al. 

2000), chondrocytes (Lee et al. 2000), and fibroblasts (M urray and Spector 1999). It
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has been hypothesized that SMA expression is carried through the differentiation of 

the stromal stem cell to these cell phenotypes (Cai et al. 2001).

The effect o f mechanical constraint and cyclic strain on the chondrogenic 

differentiation o f M SCs has been examined by M cM ahon et al. (2008). Scaffolds 

constrained by clam ping im peded the cell-m ediated contraction that would have 

occurred naturally, and resulted in a reduction in the rate o f GAG synthesis compared 

to unconstrained chondrogenic treated scaffolds. This is in contrast to the widely held 

opinion that scaffold contraction adversely affects cell growth and differentiation. 

However, the authors in that study reported that the application of 10% cyclic tensile 

stretch restored chondrogenic differentiation to similar levels observed in 

unconstrained chondrogenic treated constructs. M cM ahon et al. (2008) proposed that 

the reduction in GAG synthesis found in M SC-seeded scaffolds treated with 

chondrogenic growth factors and exposed to uniaxial clamping was due to the 

inability o f the cells to contract their local matrix to allow them to attain the rounded 

chondrocytic morphology. This hypothesis is supported by Galois et al. (2006) who 

found that chondrocyte-collagen I gels lost their chondrocytic phenotype when they 

were attached to the walls o f a 24-well plate, com pared to a free-floating condition.

1.7 Objectives of the research

The aim  o f this research project was to advance the in vitro work by Farrell et al. 

(2006) for bone tissue engineering using M SC-seeded collagen-GAG scaffolds and to 

investigate its effectiveness for in vivo applications using the rat calvarial critical size 

defect model.
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A critical size defect is defined as the smallest intraosseus wound that will not heal by 

bone form ation in the lifetime of the animal. Critical size defect models in the calvaria 

and mandibles of rats, rabbits, dogs, and monkeys were reviewed extensively by 

Hollinger and Kleinschmidt (1990). These authors concluded that initial testing 

should be done in a calvarial defect in the rat as this model has several advantages. 

First, rats are inexpensive and may be used in large numbers to achieve robust 

statistical parameters. Second, the amount of material to be tested in this experimental 

setting can be relatively small and initial pilot experiments can be conducted without 

substantial expense. Third, current preparations of delivery systems that involve 

particulate and gelatinous m aterials are well suited for this type of defect. The full 

thickness 5 mm calvarial defect in adult rats was proven to fulfil the criteria for a 

critical size bone defect (Bosch et al. 1998).

Given that the selectivity of most sites/animal models is not well known and that there 

appear to be conflicting results in the literature about the critical size for a given 

defect, proper negative (empty defect) and positive (scaffold alone, if using a cell- 

seeded scaffold) experimental controls must be included in each study. These controls 

have often been neglected, making results difficult to interpret.

It is hypothesised that, once implanted in a critical sized bone defect, a cell/scaffold 

construct will induce osteoblast differentiation, facilitate the production of osteoid 

matrix, and provide an osteoconductive matrix for new bone to regenerate.

The specific objectives of this work include:
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■ Studying tiie dim ensional changes as a result o f cell-m ediated contraction in 

M SC-seeded collagen-GAG scaffolds during osteogenesis in vitro.

■ Evaluation of the early healing events around M SC-seeded collagen-GAG 

scaffolds in vivo using a rat calvarial defect model and to assess their potential 

for a longer term experiment.

■ Exam ining the capacity o f collagen-GAG scaffold with or w ithout M SCs to 

satisfactorily repair a critical sized defect in a rodent calvarium  over a healing 

period o f 12 weeks. We will also be interested in observing the difference 

between using osteoinductive factor-stim ulated MSCs and non-stim ulated 

MSCs.

■ The treatment which produces the most favourable bone healing after 12 

weeks in vivo will then be com pared with autogenous bone (the gold standard 

bone graft) and with a com m ercially available mineralized collagen-GAG 

scaffold.
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2.1 Scaffold Fabrication

The collagen-GAG scaffold that was em ployed in this study was fabricated using a 

freeze-drying procedure as outlined in O 'Brien et al. (2004). Scaffolds were produced 

by com bining microfibrillar, type I collagen (0.5 wt%) isolated from bovine tendon 

(Integra LifeSciences, Plainsboro, NJ) and chondroitin-6-sulfate (0.05 wt%) isolated 

from shark cartilage (Sigma-Aldrich Chem ical Co., St. Louis, MO) in a solution of 

0.05 M acetic acid (pH 3.2). The collagen, chondroitin-6-sulfate, and acetic acid were 

m ixed at 15,000 rpm in an overhead blender (IKA W orks Inc., W ilmington, NC); the 

tem perature of the suspension was maintained at 4 °C throughout mixing by a cooling 

system (Brinkman, W estbury, CT) to prevent denaturation o f the collagen fibres as a 

result o f the heat generated by mixing. The collagen-GAG suspension was then 

degassed under vacuum (50 mTorr) at room tem perature for 60 min to remove air 

bubbles introduced by the mixing process (Yannas et al. 1989).

To produce a homogenous structure with equiaxed pore shape and a low variation in 

mean pore size throughout the scaffold, collagen-GAG suspension was frozen using a 

constant cooling rate technique (O'Brien et al. 2004). The degassed collagen-GAG 

slurry was then poured into a 304 stainless steel tray (12.7 x 12.7 mm) and placed into 

the cham ber of the freeze-dryer (VirTis) at room temperature (20 °C) for 

lyophilisation. Freeze-drying the mixture at a temperature of -40 °C forces the co

precipitate into the spaces between the growing ice crystals to form a continuous 

interpenetrating network of ice and the co-precipitate. Sublim ation of the ice crystals 

leads to form ation o f a highly porous sponge (Figure 2.1). Following the freeze- 

drying process, each collagen-GAG scaffold is cross-linked in a vacuum oven (Fisher 

IsoTemp 201, Fisher Scientific, Boston, MA) at a temperature of 105 °C under a
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vacuum of 50 mTorr for 24 h in order to stiffen the collagen network. This process 

also sterilizes the scaffold.
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Figure 2.1 Collagen-GAG Scaffold fabrication (Harley et al. 2005)

Representative gross and microscopic images of the scaffold are shown in figure 2.2 

and figure 2.3.

Figure 2.2 Gross image of colIagen-GAG scaffold

Figure 2.3 Light microscope and SEM images of scaffold micro structure O’Brien et
al. (2004)
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2.2 Aseptic technique

To maintain cell cultures in vitro, it is important to carry out all work under aseptic 

conditions. This involves keeping all surfaces, especially those in contact with cells, 

completely sterile. In order to ensure this sterility, the following procedures were 

followed during all cell culture work.

2.2.1 Sterilisation of glassware, plastics and dissection instruments

All glassware, pipette tips (Sarstedt, Leicester, England) and ultra-pure water and 

microfuge tubes (Sarstedt, Leicester, England) were wrapped in aluminium foil and 

autoclave tape and autoclaved at 121 °C for 20 min (Priorclave Ltd., Model #EH150, 

London, England). Dissection instruments were baked at 200 “C overnight in a hotbox 

oven (Sanyo-Gallenkam p Hotbox Oven, Model #OHG050, Loughborough, England). 

Following this all equipm ent was sprayed with 70% ethanol and placed in the laminar 

flow hood (Astec-M icroflow laminar flow workstation, Florida, U.S.A.). All culture 

flasks and falcon tubes (Sarstedt, Liecester, England) were purchased sterile and only 

opened within the confines of the laminar flow hood.

2.2.2 Sterility of the work environment

All work involving the culture of cells, including the preparation of media and other 

reagents was carried out in a lam inar flow hood. Air is drawn into the top o f the hood 

and passed through a pre-filter (AGB, Dublin, Ireland; M odel #PNC05818F) and then 

a HEPA (high efficiency particle air) filter (AGB, Dublin, Ireland; Model 

#M 50069/2A29). The downflow o f sterile air creates a positive pressure within the 

hood, thereby keeping airborne pathogens and contam inants out o f the hood. The 

lam inar flow hood is equipped with an ultraviolet light to sterilise the hoods as

70



n ecessary  and a ll equ ipm ent p laced  into the hood w as sprayed liberally  w ith  70%  

ethanol. A n y  w ork in the hood  w as carried out using d isp osab le  latex  g lo v e s  that w ere  

a lso  sprayed w ith  ethanol. G loves w ere ch an ged  regularly to  avoid  in fection  o f  

cultures and the hood w as a lso  w ip ed  dow n  w ith ethanol on a regular basis.

2.2.3 Sterilisation of media and reagents

A ll so lu tion s and m edia w ere filtered  through a 0 .2  p m  ce llu lo se  acetate m em brane 

syringe filter  (P all G ellm an, M ich igan , U .S .A .)  into autoclaved  g la ss  bottles or sterile  

15/50  m l cen trifuge tubes (Sarstedt, L iecester, E ngland). A ll reagents w ere aliquoted  

under sterile con d ition s and w ere sterile filtered  before use.

2.3 Mesenchymal stem cell isolation and culture

2.3.1 Animals

The experim ents w ere perform ed under Irish G overnm ent L icen ce  N o . B 100 /3494  

issu ed  by the D epartm ent o f  Health in Ireland. Y ou n g  adult m ale W istar rats 

(approxim ately  2 0 0 -2 5 0  gm ) w ere used  in this study. T he anim als w ere housed  in 

groups o f  2 -4  in the anim al hou se, B ioresou rces U nit, Trinity C o lleg e  D ublin . A ll rats 

w ere g iv en  free access  to fo o d  (laboratory ch o w ) &  w ater at all tim es. T he anim al 

h old in g  fa c ility  w as on a tw e lv e  hour light/dark cy c le  and the room  tem perature w as  

kept b etw een  20  and 23 °C.

2.3.2 Dissection

A n im als w ere sacrificed  by C O 2 asphyxiation . T he area around the hind lim bs w as  

sprayed liberally  w ith  70%  a lcoh o l. T he hip jo in ts w ere d is located  and the fur and 

skin w as rem oved  w ith scissors. T he tw o  leg s w ere then cut free from  the body using
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a scalpel. T he fem ora and the tib iae w ere rem oved  and any adherent m u sc le  tissu e  

w as carefu lly  d issected  using  a sterile sca lp el. T he b on es w ere p laced  in a Petri d ish  

w ith sterile pre-w arm ed D u lb e c c o ’s M od ified  E a g le ’s M ed ium  (D M E M ; Sigm a- 

A ldrich , E ngland), supp lem ented  w ith 2% p en ic illin /strep tom ycin  (G ib co  B R L , 

D ublin ), 10% F oetal B o v in e  Serum  (F B S; G ib co  B R L , D u b lin ), 0 .5%  1-G lutam ine 

(G ib co  B R L , D ub lin ), 0 .5%  G lutam ax (G ib co  B R L , D ub lin ) and 1% non essen tia l 

am ino acids (G ib co  B R L , D ublin ). O nce all b on es w ere rem oved  and freed o f  m u scle  

tissue, they w ere transferred to a lam inar flo w  hood to m aintain sterility.

2.3.3 Cell isolation and culture

B on es w ere cut at both ep ip h yses and the m arrow w as flu sh ed  into a 50m l fa lcon  tube 

using  pre-w arm ed (37  ”C ) supplem ented  D M E M  and a 25  gau ge n eed le  attached to a 

10ml syringe (B eck ton  D ick in son  Labware Europe, France). T he m arrow from  each  

individual anim al w as flu sh ed  into a separate fa lcon  tube. A p p roxim ately  5 ml o f  

m edium  w as used for each  bone. O nce the m arrow w as co lle c ted  from  all bones, the 

su sp en sion  w as centrifuged  at 6 5 0 g  for 5 m inutes at 2 2  “C. T he supernatant w as  

discarded and the pellet w as resuspended  in 10m l o f  su p p lem en ted  D M E M  by seria lly  

aspirating the su spension  through 16 gau ge, 18 gau ge  and 2 0  gau ge n eed les  three 

tim es each  to obtain a s in g le  c e ll susp en sion . The su sp en sion  w as p lated  on to  a Petri 

dish by p assin g  it through 40|am  sterile  nylon  m esh  to rem ove  any c e ll  c lum ps or any 

rem aining sm all tissu e  fragm ents. T he Petri d ish w as p laced  in an incubator at 37 °C 

in a 95%  air 5% C O 2 for 30  m inutes. T he supranatant w as then rem oved  and put into a 

50  m l fa lcon  tube, and the adherent c e lls  rem aining in the Petri d ish w ere discarded. 

T he ce ll su sp en sion  w as cou n ted  using  a h aem ocytom eter, and diluted  accord ingly  

w ith supplem ented  D M E M , to g iv e  a ce ll su sp en sion  o f  approxim ately  5x10^
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nucleated cells per 75 cm tissue culture flask. After 24 hours the culture medium in 

the flasks was replaced to remove non-adherent cells. The flask was rinsed once with 

supplemented DMEM and then 10 ml supplemented DM EM  was added to the flask. 

Culture medium was replaced every three to four days. Cells were maintained at 37 “C 

in a humidified incubator with 5% CO 2 .

2.3.4 Cell Passaging

Upon reaching 80-90% confluency, as assessed by visual inspection under an inverted 

microscope (Nikon Labophot, Nikon Instech Co. Ltd, Kanagawa, Japan) cells were 

passaged at lower densities onto new culture flasks. Flasks were rinsed twice in 

prewarmed sterile phosphate buffered saline (PBS; 100 mM NaCl, 80 mM Na2 HP0 4 , 

20 mM Na2 H2 ? 0 4 ; Sigma-Aldrich, England). 5 ml of Trypsin EDTA (Sigma-Aldrich, 

England) was placed onto each flask and incubated for 5 minutes at 37 “C in a CO 2 

incubator to allow cells to detach from the flask surface. The cultures were examined 

under an inverted light microscope to determine that they had sufficiently detached 

from the surface. The flask was knocked once on the side to release any remaining 

attached cells. The suspension was poured into a 50ml tube (Sarstedt, Leicester, 

England) and the flask was rinsed twice with 5ml of supplemented DM EM  and this 

solution was also added to the 50ml tube. The cell suspension was centrifuged at 650 

g for 5 min at 22 °C. The supernatant was discarded and the pellet was resuspended in 

10ml of supplem ented DMEM. The suspension was aspirated through a 20 gauge 

needle three times to obtain a single cell suspension and for passage 2, the cells were 

replated into T75 culture flasks (Sarstedt, Leicester, England) to redistribute the cells. 

For any further passaging the cells were replated into T175 flasks (Sarstedt, Leicester, 

England) at half their original density to allow for proliferation. Cultures were
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maintained at 37 °C in a 95% air 5% CO 2 incubator. Supplem ented DM EM  was 

changed every 3 to 4  days.

2.4 Scaffold seeding

Cell seeding took place after 3 w eeks o f  M SC expansion in 2D. In preparation for 

seeding, 6-w ell plates were coated with 2 mis o f  autoclaved agarose (2% agarose in 

dHaO) to prevent ce lls from attaching to the plastic and encourage scaffold  

attachment. A single cell suspension o f  M SCs was obtained as detailed in Section  

2.3.4. Cell numbers were determined using a haem ocytom eter and suspensions were 

diluted or concentrated to give approx 1x10^ cells/m l. Circular plugs with various 

diameters were punched out o f  a 3.5 mm thick collagen-G A G  scaffold sheet. The 

scaffold discs were placed onto agarose-coated w ells and 1.5 pl/mm^ o f  the cell 

suspension was added in a drop w ise fashion. The scaffolds were incubated for 30  

minutes to allow  cells to attach, turned over using fine-tipped tweezers and seeded  

with another 1.5 |al/mm“ o f the cell suspension. Sam ples were incubated for a further 

30 minutes after which 2 ml o f  pre-warmed supplem ented DM EM  was added to each  

well.

2.5 Culture in osteoinductive-factor supplemented medium

After 2 days constructs were treated with osteoinductive factors by further 

supplem enting the culture medium with 0.68 nM dexam ethasone (Sigm a-Aldrich, 

England) 10 mM (3-glycerophosphate (Sigm a-Aldrich, England) and 0.05 mM  

ascorbic acid-2-phosphate (Sigm a-Aldrich, England). Medium was rem oved from  

each w ell and replaced with 1 ml containing the osteoinductive factor supplements. 

M edium in control w ells was replaced with medium  that did not contain any
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osteoinductive factor supplements. M edium was changed every three to four days by 

removing 400 |il o f medium and replacing it with 500 |il of fresh supplemented 

medium to account for any evaporation that may have been occurring and to make use 

o f any soluble signalling factors that may be released by the cells. Samples were 

maintained in culture for four weeks following seeding.
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3.1 Introduction

Collagen-GAG scaffolds have been successfully used in various in vivo tissue 

engineering applications such as regeneration o f skin (Yannas et al. 1989), 

conjunctiva (Hsu et al. 2(X)0), and peripheral nerves (Cham berlain et al. 1998). 

Collagen-GAG scaffolds have also been used to study cell migration (Nehrer et al. 

1997), and tissue growth in vitro (Spilker et al. 2001). M ore recently, a num ber of 

studies have shown interest in em ploying collagen-GAG scaffold as a substrate for 

bone tissue engineering (Farrell et al. 2006; Tierney et al. 2008; Byrne et al. 2008; 

Haugh et al. 2008; Jaasm a and O 'Brien 2008). In one study (Farrell et al. 2006; Farrell 

et al. 2007), it has been dem onstrated that, following 21 days in culture, bone marrow- 

derived MSCs could differentiate fully along the osteogenic lineage when grown on 

collagen-GAG scaffolds. Furthermore, scaffold mineralization and osteocalcin 

expression were evident when scaffolds were cultured in the presence of 

osteoinductive factors.

A notable finding with collagen-GAG scaffolds is that a variety of connective tissue 

cell types, including chondrocytes (Lee et al. 2000), fibroblasts (Freyman et al. 2001), 

osteoblasts (M enard et al. 2000) as well as intervertebral disc (Schneider et al. 1999), 

m eniscus (M ueller et al. 1999), ligam ent (M urray and Spector 1999), tendon (Torres 

et al. 2000) and peripheral nerve cells (Spilker et al. 2001) can result in cell-m ediated 

scaffold contraction in vitro. Because of the contraction o f cell-seeded scaffolds, 

changes in the size and m icrostructure of the implants frequently take place. A change 

in size will cause difficulty in fitting a critical-sized specific implant site, or cause 

separation from the surrounding host tissue (M ueller et al. 1999; Torres et al. 2000). 

Furtherm ore, in vivo deform ation o f the scaffold could result in a loss of contact
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between the implanted tissue graft and the host tissue, thereby decreasing the chances 

o f successful integration o f the repair tissue.

Although M SC-m ediated contraction of collagen-GAG scaffolds during 

chondrogenesis has been previously investigated (M cM ahon et al. 2008), MSC- 

mediated contraction of collagen-GAG scaffolds during osteogenesis has not yet been 

quantified. In vivo experim ents using bone regenerative constructs are usually 

designed to investigate their capability to repair a critical sized defect o f known 

dimensions. In order to obtain optimum healing, the graft should tightly fit the defect. 

In tissue engineering applications where scaffolds can be maintained in culture for a 

num ber of weeks, the scaffold dim ensions must be optim ized so that the size of the 

end product after in vitro culturing matches the size of the proposed experimental 

defect.

The aim of this experim ent was to quantify the dimensional changes in M SC-seeded 

collagen-GAG scaffolds during osteogenesis over 4 weeks in culture. In addition, we 

examined if cells originating from different donors resulted in different amounts of 

scaffold contraction.

3.2 Materials and Methods

Sheets of collagen-GAG scaffold (thickness = 3.5 mm; mean pore diameter = 96 |im; 

porosity = 99.5% ) were produced using a freeze-drying process, as described 

previously in section 2.1.
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3.2.1 Cell Culture and Scaffold Seeding

Under Irish Governm ent License No. B 100/3494 issued by the Departm ent o f Health 

in Ireland, MSCs were isolated from the bone m arrow of adult male W istar rats (250 - 

350 g) as detailed in section 2.3. MSCs were expanded for 3 weeks in a prewarm ed 

D ulbecco’s modified Eagle’s medium (DM EM , Sigma- Aldrich, UK) supplemented 

with 10% fetal bovine serum, 100 U/ml penicillin/streptom ycin, 2 mM Glutamax, 1 

mM L-glutamine, and 1% nonessential amino acids (all from GIBCO, supplied by 

Biosciences, Dublin, Ireland). Medium was replaced every 3 -4  days. To seed the 

collagen-GAG scaffolds, third passage cells were rinsed with phosphate-buffered 

saline, harvested by trypsinization with trypsin- ethylenediam inetetraacetic acid 

(EDTA) solution (Sigma- Aldrich) and centrifuged at 650g for 5 min at 20°C. The 

resulting pellet was re-suspended in 2 ml prewarm ed culture medium, and a single 

cell suspension was obtained by aspirating though a 20-gauge needle. The cells were 

counted and diluted to achieve a cell density o f 1x10^ cells/ml.

Collagen-GAG scaffold discs o f various diam eters (6 mm, 10 mm, 13 mm, and 16 

mm) were placed onto agarose-coated wells and seeded with cell suspension (1.5 

pl/mm^) and incubated for 30 min at 37 °C. The scaffolds were then turned over and 

seeded with another 1.5 |il/mm^ of the cell suspension. After 30 min, 2 ml of culture 

medium were added to each well and the scaffolds were submerged.

After 2 days, the medium was changed and replaced either with standard culture 

m edium or with osteoinductive factor-supplem ented medium (0.68 nM 

dexam ethasone, 10 mM P-glycerophosphate, and 0.05 mM ascorbic acid (Sigma-
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Aldrich, UK)). Non-seeded scaffolds to be used as controls were maintained in 

standard culture medium. H alf of the respective media was replaced every three days. 

Scaffolds were treated for 4 weeks and were maintained in a humidified atmosphere 

o f 95% air/5%  C 0 2  at 37 °C.

3.2.2 Experimental design

Experim ent 1:

To quantify scaffold contraction, three experimental groups were used; non-seeded 

scaffolds (Group 1), seeded scaffolds which were maintained in standard culture 

m edium  (Group 2), and seeded scaffolds which were maintained in osteoinductive 

factor-supplem ented medium (Group 3). Each group com prised 3 scaffolds o f each of 

the following diam eters (6 mm, 10 mm, 13 mm, and 16 mm) for a total of 12 

scaffolds in each group.

Experim ent 2:

M SCs harvested from  5 rats where used to examine the effect o f cells originating 

from different animals on the amount o f scaffold contraction. Cells isolated from each 

individual animal where used to seed collagen-GAG scaffolds (n = 8, diam eter = 16 

mm). Each group was further subdivided into (i) seeded scaffolds which were 

maintained in standard culture medium (n = 4), and (ii) seeded scaffolds which were 

maintained in osteoinductive factor-supplem ented medium (n = 4).

3.2.3 Measurement of scaffold diameter with time in culture

To quantify contraction during osteogenesis, digital images of the scaffolds were 

taken every week during culture. These were used to determine the average diam eter
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of the constructs by calculating the total cross sectional area using image analysis 

software (Analysis soft imaging system GmbH, Germay). Non-seeded scaffolds 

incubated under the same conditions were also measured in parallel at the same time 

points. The change in diameter of the scaffolds was expressed as a percentage 

reduction in the diameter of the scaffolds based on the starting diameter. The 

additional reduction in diameter of the seeded scaffolds over the non-seeded scaffolds 

was calculated as the cell-mediated contraction by subtracting the diameter of the cell- 

seeded scaffold from the mean value for the diameter of the non-seeded samples 

incubated for the same time period. This difference was then divided by the original 

diameter of the specimen and the product multiplied by 100% (Lee et al. 20(X)).

3.2.4 Statistical Analysis

Data are expressed as mean of the combined results from each test ± standard error of 

the means (SEM). Statistical significance was determined by analysis of variance 

(ANOVA). The difference in the percentage reduction in scaffold diameter between 

the three experimental groups, the effect of time in culture and the original diameter 

were tested. In all cases the significance level was set ai P < 0.05. The statistical 

analyses were carried out using statistical software (SPSS 13.0 for Windows; SPSS, 

Inc, Chicago, USA).

3.3 Results

Throughout the 4-week course of the experimental period, the cell-free and cell- 

seeded collagen-GAG scaffolds were essentially non-degraded as evidenced grossly. 

While the cell-free scaffolds maintained their circular shape, the cell-seeded scaffolds
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displayed some dimensional change in shape as a result of cell-mediated contraction 

(Figure 3.1). The full set of data is displayed in appendix 3.1 and appendix 3.2.

Group 1

Group 2
C

Group 3

lljillilll

Figure 3.1 Representative samples from the three groups showing scaffold 
contraction at the end of week 1 (a) and week 4 (b). Original diameter = 16 mm

3.3.1 Effect of Group, Time in Culture and Initial Diameter

The cell-free control scaffolds displayed a 9.82 (±1.46) % (n = 12) decrease in 

diameter during the first week in culture and reached a level of approximately 21.26
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(±0.74) % after 28 days (Figure 3.2). However, there was a greater progressive 

reduction in the diameter of the cell-seeded samples.

Group 1 Group 2 Group 3

c
.2 - 1 0 -  

o
■i -20- 
0)

DC -3 0 -  
0)
o -40 - 
E
(0 -50 -
b
^  -60 J

Time in Culture (week)

Figure 3.2 Percent diameter reduction of collagen-GAG 
scaffold discs versus time for the three experimental groups (Mean ± SEM)

After 1 week in culture, the initial diameter of MSC-seeded scaffolds that were 

maintained in standard medium reduced by 16.52 (+1.27) % (n = 12). At the end of 

the 28-day culture experiment this was further reduced by 49.11 (+2.36) % (Table 

3.1). The addition of osteogenic factors to MSC-seeded scaffolds (Group 3) decreased 

contraction to 44.26 (±2.68) % (n = 12) after 4 weeks in culture.

Week 1 Week 2 Week 3 Week 4

Group 1 9.82 (±1.46) 14.53 (±1.36) 17.70 (±1.45) 21.26 (±1.09)

Group 2 16.52 (±1.27) 24.95 (±1.65) 37.02 (±2.21) 49.11 (±2.36)

Group 3 19.40 (±1.65) 29.96 (±2.3) 37.16 (±2.3) 44.26 (±2.68)

Table 3.1 Change in scaffold diameter with time recorded for the three experimental
groups (Mean ± SEM)

83



In the cell-free  group, variation in the initial diameters of the scaffolds did not result 

in significant variation in the percentage o f diam eter reduction after 4 weeks in 

culture {P < 0.096). On the other hand, in the cell-seeded groups larger scaffolds (13 

mm, 16 mm) displayed significantly higher percentage of reduction in diam eter {P < 

0.001) com pared to smaller diameters (6 mm, 10 mm) (Figure 3.3, Table 3.2).

0.00

- 10.00

- 20.00

H Group 1 I Group 2 □  Group 3

O
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CC -30.00

B -40.00 
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E -50.00

b  -60.00
^  -70.00

6m m  1 0 m m  13m m  16m m

Original diameter

Figure 3.3 Percent diam eter reduction of collagen-GAG scaffolds discs as a function 
of their initial diameters (Mean (+SEM)

6 mm 10 mm 13 mm 16 mm

Group 1
23.44

(+0.24)
19.17

(+0.09)
19.59

(±1.48)
22.84

(±1.61)

Group 2
43.34

(+1.20)
41.87

(±0.68)
61.00

(±0.84)
50.23

(±2.40)

Group 3
33.67

(+4.30)
40.87

(±3.80)
52.90

(+1.45)
49.61

(±3.02)

Table 3.2 Percent diam eter reduction per original diam eter at week 4.
M ean (+SEM)

ANOVA revealed significance of time (P <  0.0001) and whether the scaffolds were 

seeded (P <  0.0001) on the percentage reduction in the diam eter o f the scaffolds 

(Table 3.3).
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Source DF Mean Square F Sig.
Intercept 1 103482.848 11171.407 0.0001
Group 2 4347.951 469.380 0.0001
Week 3 3498.787 377.709 0.0001

Initial diameter 3 636.578 68.721 0.0001

Group * Week 6 281.899 30.432 0.0001
Group * Ini.diameter 6 329.108 35.529 0.0001

R Squared = 0.966 (Adjusted R Squared = 0.949)

Table 3.3 Effect tests for Group, time in culture and initial diameter

3.3.2 Cell Mediated Contraction

By the end of week 4, the cell mediated reduction in scaffold diameter amounted to 28 

(+2.63) % in group 2 and to 23.08 (±2.97) % in group 3. The rate of the reduction 

over time in culture was identical to the rate seen in the overall contraction (Figure 

3.4, Table 3.4).

■8

3

Group 2 Group 3
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-20  -
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1 2  3 4

Time in Culture (week)
Figure 3.4 Percent cell mediated diameter reduction (Mean + SEM) 

for the cell-seeded groups.
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Week 1 Week 2 Week 3 Week 4

Group 2 6.67(1.54) 10.5(2.33) 19.25(2.51) 28(2.63)

Group 3 9.67(2.09) 15.33(2.93) 19.5(2.66) 23.08(2.97)

Table 3.4 Percent cell mediated diameter reduction 
for the cell-seeded groups. Mean (±SEM)

Results of ANOVA revealed no difference in the amount of the cell mediated 

diameter reduction between the two cell-seeded groups {P <  0.655). However, the 

effect of time in culture was significant {P <  O.(X)Ol) (Table 3.5).

Source DF Mean Square F Sig.

Intercept 1 26136.000 348.947 0.0001

Group 1 15.042 0.201 0.6550

Week 3 1378.417 18.404 0.0001

Group * Week 3 108.181 1.444 0.2350

R Squared = 0.404 (Adjusted R Squared = 0.357)

Table 3.5 Effect tests for group and time in culture on the cell meditated diameter
reduction

3.3.3 Effect of Cell Donor:

MSCs that were isolated from different donors caused diameter reduction ranging 

from 49.68 (+1.54) % to 52.17 (±0.98) %. (Figure 3.5, Table 3.6)
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Figure 3.5 Percent diameter reduction 

per cell donor (Mean ± SEM)

Animal 1 2 3 4 5

Mean

(SEM)

51.69

(+1.06)

49.68

(±1.54)

52.17

(±0.98)

51.35

(±0.41)

49.75

(±0.73)

Table 3.6 Percent diameter reduction per cell donor. 
Mean (±SEM)

No statistical significance was found when the effect of cell donor {P < 0.32) or group 

(P < 0.72) were analysed with ANOVA (Table 3.7).

Source DF Mean Square F Sig.

Intercept 1 100398.638 12249.486 0.0001

Animal 4 10.027 1.223 0.3220

Group 1 0.766 0.094 0.7620

Animal * Group 4 4.283 0.523 0.7200

R Squared = 0.195 (Adjusted R Squared = 0.055)

Table 3.7 Effect tests for animal and group on the percent of diameter reduction.
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3.4 Discussion

A num ber of studies have dem onstrated that M SCs, when cultured in standard 

medium (Cai et al. 2001) or along the chondrogenic lineage (M cM ahon et al. 2008), 

can contract a collagen-GAG analog of extracellular scaffold. The present study 

extends those findings by evaluating the contraction of M SC-seeded collagen-GAG 

scaffolds during osteogenesis.

M SCs cultured in 3D collagen scaffolds under osteogenic differentiation conditions 

can undergo osteogenesis and subsequent mineral deposition (Farrell et al. 2006). 

Calcium deposition should cause stiffening of the collagen scaffold. As a result, 

contraction of the M SC-seeded collagen scaffolds may decrease (Sumanasinghe et al. 

2008). In one previous investigation, bone marrow-derived-human MSCs that were 

differentiated down an osteogenic pathway and seeded into a collagen gel were noted 

to contract the gel (Sumanasinghe et al. 2008). However, the porous collagen-GAG 

scaffolds used in this study are likely to be of a higher stiffness then collagen gels 

(Ohsawa et al. 1982). This study thus sought to elucidate more information on the 

process of cell-m ediated contraction in these scaffolds during osteogenesis. Cell- 

mediated contraction of scaffolds for bone tissue engineering may distort the scaffold 

and cause collapse of the pores thereby jeopardizing the performance of the implant in 

vivo (M enard et al. 2000). Furthermore, it has been hypothesised that pore 

com pression may restrict cell migration and proliferation and may affect biosynthetic 

activity (Cai et al. 2001). It may also affect the diffusion of nutrients to cells in 

internal pores and thereby also affect cell behaviour.
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W hile the cell-free control scaffolds displayed a reduction in diam eter during the 

culture period, there was a notably greater reduction in the diam eter of the scaffolds 

seeded with M SCs indicating the contribution of the cells to contracture. This 

observation is consistent with that previously reported (Cai et al. 2001). The reduction 

in diam eter o f the non-seeded scaffolds may have been due to relaxation of residual 

strains that were introduced during the m anufacturing process (Vickers et al. 2004). 

The porous structure of the scaffold, form ed by lyophilisation of ice crystals during 

freeze-drying, may shrink when the scaffold is im m ersed in an aqueous medium 

because water is a mild plasticizer for collagen (M enard et al. 2000; Lee et al. 2000; 

Spilker et al. 2001).

O f note was the finding that cell-seeded scaffolds with different initial diameters 

showed significant variation in the percentage of diam eter reduction. This has not 

been reported before. In the cell-seeded groups, scaffolds with larger diameters 

tended to contract more than the scaffolds with sm aller diameters. One possible 

explanation is that scaffolds with larger diameters may have provided more surface 

for the attachm ent o f contractile cells, thus resulting in increased cell-m ediated 

contraction. Furthermore, prior studies using com parable collagen-GAG scaffolds 

with various cell types (Lee et al. 2001a; Torres et al. 2000) have reported that the 

maximal contraction in this system was reached when the pores of the scaffold were 

alm ost com pletely com pressed i.e. in scaffold samples of smaller diameter, the pore 

structure will become com pressed more rapidly making further contraction difficult.

The reduction in diameter of the scaffolds was consistent in appearance with a 

contraction process rather than degradation. This is in agreement with previous
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reports (Lee et al. 2000; Torres et al. 2000; Cai et al. 2001). While the borders of the 

samples in this study rem ained well-defined, degradation is generally accom panied by 

a uniform alteration in the appearance of the specimen with no necessary reduction in 

diameter. In a previous study (Gordon et al. 2004), it was dem onstrated that scaffolds 

that had undergone cell-m ediated contraction had not lost dry weight as might have 

been expected if the dimensional change was due to degradation.

The difference in scaffold contraction between the two cell-seeded groups used in this 

experim ent was not significant. Indeed, by the third week the two groups showed 

identical percentages of reduction in scaffold diameter. The addition of osteogenic 

factors to M SC-seeded scaffolds, however, appears to have resulted in the contraction 

reaching a plateau by week 3. This might have been due to increased scaffold stiffness 

associated with osteogenesis. The cell mediated contraction followed the same pattern 

o f the overall contraction in the cell-seeded scaffolds. It has been suggested that the 

increase in the cell-m ediated contraction with time in culture may have been due to a 

decrease in the stiffness of the scaffold, thus making it less resistant to contraction 

(Cai et al. 2001). An alternative explanation is that there was an increase in the alpha 

smooth muscle actin (SMA) content of the cells with time in culture (Kinner and 

Spector 2001; Zaleskas et al. 2004). Prior in vitro studies o f murine bone marrow 

derived MSCs have dem onstrated that they expressed the gene for the contractile actin 

isoform, SMA (Peled et al. 1991). The presence of these contractile actin isoforms 

indicates that the cell has the potential for contraction (M enard et al. 2000). SMA- 

enabled cell contraction may be the mechanism by which MSCs m ediated the 

contraction of collagen-GAG scaffolds.
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An interesting finding in this experim ent was the similar am ount o f contraction o f the 

cell-seeded scaffolds m ediated by cells cultured from different donors. Previous 

studies have raised the question of the effect o f the culture conditions on this MSC 

contractile cell phenotype, probably through altering SM A expression in these cells 

(Bonanno et al. 1994; Lee et al. 2000). It is important to note however, that the culture 

conditions employed in the current work are those frequently used in m ethods to 

prepare cell-seeded construct for tissue engineering purposes. Furthermore, previous 

work in our laboratory (M cM ahon et al. 2008) has shown that the purity o f the MSC 

population used in these experim ents was comparable to that used by others.

In conclusion, the results o f this experim ent showed that culturing M SC-seeded 

collagen-GAG scaffolds in osteoinductive factor-supplem ented medium can result in 

the contraction of the scaffold. The amount of contraction was com parable to that 

occurred when the scaffolds were cultured in standard medium. The results also 

showed that scaffolds with larger diameters tend to contract more than the scaffolds 

with smaller diameters. In addition, similar levels o f scaffold contraction were 

reached when the seeded cells were isolated from different donors.
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Chapter 4

Evaluation of early healing 
events around mesenchymal 
stem cell-seeded collagen- 

glycosaminoglycan scaffold
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4.1 Introduction

The prosthetic reconstruction of partially or com pletely edentulous patients is 

frequently com plicated by lack of adequate bone volum e as a result o f trauma, 

infection, or disease. Although autogenous bone fulfils many of the characteristics of 

an ideal bone graft, its use is limited by associated problems such as; harvesting 

difficulties, more pain, limited supply of donor site material for large bone defects, 

risk of donor site infection, or nerve and vessel damage. Furthermore, grafts in large 

defects are often resorbed before osteogenesis is com pleted (Lohmann et al. 2001). 

W hile allografts and xenografts are available in abundance, disease transmission and 

immunorejection remain substantial obstacles to their implementation. As a 

consequence, researchers have sought to identify new approaches that might 

circum vent many of the limitations of current therapeutic modalities, accelerate tissue 

repair and return the patient to pre-injury activities.

Recently, tissue engineering has received a great deal of attention owing to its 

promise as an alternative to the use of autografts and allografts for the reconstruction 

or regeneration of tissues. Scaffold-guided tissue engineering involves seeding highly 

porous biodegradable scaffolds with donor cells and/or growth factors, then culturing 

and implanting the scaffolds to induce and direct the growth of new tissue. The goal is 

for the cells to attach to the scaffold, then replicate, differentiate and organize into 

normal healthy tissue as the scaffold degrades (Langer 2007).

A tissue engineering approach utilizing adult murine M SCs, collagen-GAG scaffolds 

and a cocktail of osteoinductive factors has been investigated in vitro (Farrell et al. 

2006). The results dem onstrated that, following 21 days in culture, M SCs could
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differentiate fully along the osteogenic lineage when grown on collagen-GAG 

scaffolds. Furthermore, scaffold mineralization and osteocalcin expression were 

evident when scaffolds were cultured in the presence of osteoinductive factors. After 

in vitro proof-of-concept, we are interested in studying the behaviour o f this tissue- 

engineered mineralized construct in vivo.

Studies on early healing stages around novel bone grafts have resulted in a better 

knowledge of the biological mechanisms, as well as o f the timing sequence o f the 

healing events involved in new bone formation (Jardini et al. 2005; Park et al. 2007; 

Tapety et al. 2004). This knowledge is necessary to understand the healing steps that 

lead to complete regeneration and maturing of bone tissue. W ith this information, it 

might be possible to positively influence the healing process and the predictability of 

the techniques (Jardini et al. 2005). However, reporting on this vital stage of graft 

healing has frequently been overlooked (M atzenbacher et al. 2003; Schantz et al. 

2003; Donos et al. 2004; Mah et al. 2004; Lioubavina-Hack et al. 2005; Furlaneto et 

al. 2007). Valuable information with regard to the immediate inflammatory response, 

cellular activity, neoangiogenesis, host tissue integration, graft degradability and 

osteoid formation will be gained from studying the healing events o f the first 7-10 

days post-implantation ( Tapety et al. 2004; Jardini et al. 2005; Park et al. 2007).

The aim of this experiment was to exam ine the early healing events around these 

M SC -seeded collagen-GAG scaffolds in a rat calvarial defect model and to assess 

their potential for a longer term experiment.
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4.2 Materials & Methods

Sheets o f collagen-GAG scaffold (thickness = 3.5 mm; mean pore diam eter = 96 |im; 

porosity = 99.5% ) were produced using a freeze-drying process, as described 

previously in section 2.1.

4.2.1 Cell Culture and Scaffold Seeding

Under Irish G overnm ent License No. B 100/3494, M SCs were isolated from the bone 

marrow of adult male W istar rats (250-350 g) as detailed in section 2.3. M SCs were 

expanded for 3 weeks in a prewarm ed D ulbecco’s m odified Eagle’s medium (DM EM , 

Sigma- Aldrich, UK) supplem ented with 10% fetal bovine serum, 100 U/ml 

penicillin/streptom ycin, 2 mM Glutamax, 1 mM L-glutamine, and 1% nonessential 

amino acids (all from GIBCO, supplied by Biosciences, Dublin, Ireland). Medium 

was replaced every 3—4 days.

Previous work in our laboratory has dem onstrated the presence of undifferentiated 

MSCs when bone marrow cells were isolated and cultured according to the above 

protocol (Farrell et al. 2006; Farrell et al. 2007). Cells analyzed displayed positive 

endoglin im m unoreactivity (Farrell et al. 2006; Farrell et al. 2007). Endoglin 

(CD 105) is a cell surface m arker o f MSCs which has been used to distinguish 

between haematopoietic and m esenchymal stem cells (Barry et al. 1999). 

Furtherm ore, fluorescence-activated cell sorter (FACS) analysis verified that the cell 

population expressed high levels o f the putative MSC surface marker CD90 (Kearney 

et al. 2008), in agreement with previous published data on MSC cell surface markers 

(Rochefort et al. 2005). The purity of the MSC population used in these experim ents 

was concluded to be comparable with that used by others (M cM ahon et al. 2008).
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To seed the collagen-G A G  scaffolds, ce lls were rinsed with phosphate-buffered  

saline, detached with trypsin-EDTA solution and centrifuged at 650  gm for 5 min at 

20 °C. The resulting pellet was re-suspended in 2 ml prewarmed culture medium, and 

a single cell suspension was obtained by aspirating through a 20-gauge needle. The 

cells were counted and diluted to achieve a ce ll density o f  1x10^ cells/m l. D iscs o f  

collagen-G A G  scaffolds (16 mm in diameter) were seeded with 300 pi o f  cell 

suspension and incubated for 30 min at 37 °C. The scaffolds were then overturned 

onto agar-coated w ells and a further 300 pi o f  cell suspension was placed onto the 

scaffold. After 30 min, 2 ml o f  culture medium  were added to each w ell and the 

scaffolds were submerged. To induce osteogenic differentiation, scaffolds were 

placed in DM EM  supplem ented with a cocktail o f  osteo-inductive factors containing 

0.68 nM dexam ethasone, 10 mM p-glycerophosphate, and 0.05 mM ascorbic acid 

(Sigm a- Aldrich, UK). N on-seeded scaffolds to be used as controls were maintained 

in standard culture medium. H alf o f the respective m edia was replaced every 3 days. 

Scaffolds were maintained for 4 w eeks in a hum idified atmosphere o f  95% air/5% 

CO 2 at 37 °C.

4.2.2 Surgical Procedure

Forty-one adult Wistar rats (250-350  gm ) were used in this study. The care and use o f  

animals was in accordance with the ethical principles for animal research established  

by the Department o f Health in Ireland. Anesthesia was achieved with a mixture o f  75 

m g/kg xylazine hydrochloride (Rom pun®, Bayer Healthcare, Germany) and 10 

m g/kg Ketamine hydrochloride (Vetalar™ , Pharmacia Animal Health Ltd, UK) at a 

dose o f  0 .2 m l/100 gm body weight given intraperitoneally. The skin o f  the head was 

shaved, washed and disinfected with 10% Aqueous Povidone-Iodine solution (Seton,
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Healthcare Group Pic, Englan). To expose the calvarial bone a 1.5 cm longitudinal 

vertical skin incision was made and periosteum was carefully reflected. A 

standardized, circular, transosseous defect, measuring 5 mm in diameter was created 

on the parietal calvarial bone using a saline-cooled trephine drill at low rotational 

speed. The circular bone plug was gently removed and extreme care was exercised to 

avoid injury to the dura mater. The defects were rinsed with normal saline and filled 

with graft material (Figure 4.1) in each experimental group as follows:

Group I (n = 11) - iht  defect was left empty to serve as a control.

Group 2 (n = 1 2 ) -  cell-free scaffolds.

Group 3 (n = 9 ) -  cell-seeded scaffolds maintained in standard DMEM.

Group 4 (n = 9 ) -  cell-seeded scaffolds maintained in osteoinductive factor- 

supplemented medium for 4 weeks prior to implantation.

To fit the calvarial defect, scaffolds were punched out using a 5 mm biopsy punch 

(Stiefel Laboratories SRL, Milano, Italy). The scaffolds were transferred to the 

surgical theatre using a portable mini incubator (Minicub 20, Chewell laboratories 

Ltd, UK). The overlaying periosteum was closed using 5.0 Vicryl absorbable sutures 

(Ethicon™, NJ, USA) The skin flaps were then closed using skin staples 

(Autosuture’’'*̂ , Royal™ 35W, USA). Each rat was monitored closely postoperatively 

and antibiotic (Gentamicin, 0.05ml/kg) was administered intramuscularly once daily 

for 5 days postoperatively. Analgesia was administered post-operatively and 

subsequently as necessary. For the duration o f the recovery period, animals were 

housed in the bioresources unit under veterinary supervision. Animals were sacrificed 

by CO2 asphyxiation at 7 days after surgery.
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Figure 4.1 Surgical procedure: (1-6) Preparing the surgical defect. (7) 5 mm critical 
sized defect in the rat calvarium. (8) Placement of collagen-GAG scaffold. (9-10) 
Closure of the overlaying periosteum and skin.

4.2.3 Paraffin wax embedding of scaffold samples

Block sections, including the surgical sites, were removed and fixed in 10% neutral 

buffered formalin (Cellpath Ltd, Newtown, UK). Samples were decalcified in 

Ethylenediaminetetraacetic acid (EDTA) solution (Sigma-Aldrich, England). Before 

the embedding procedure, an incision was made exactly through the middle of the 

bone defects to ensure that the microtome sections were made in the area of interest. 

Samples were then locked into plastic cassettes and placed in the histokinette (Type
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FE 7326; British Am erican Optical Company, England) where they were sequentially 

soaked in 70% alcohol twice, spirit alcohol twice, absolute alcohol twice, xylene 

twice and finally molten paraffin wax for two hours each. Following this treatment, 

samples were removed from the cassettes and placed into metal mouldings. Heated 

liquid paraffin wax was poured into each of the mouldings in the Tissue Tek II 

(British American Optical Company, England), and these were allowed to cool on a 

chilled surface until the wax solidified.

4.2.4 Sectioning of wax embedded sections

Wax em bedded samples were placed in the microtome (Ernst Leitz Ltd. Germany) 

and 5 |a,m thick coronal sections were cut through the centre of the defect. Sections 

were placed onto glass slide (W estern Laboratoiy Services, Hampshire, UK) and 

placed in a hotbox oven (60 °C; Sanyo-Gallenkam p Hotbox Oven, M odel #OHG050, 

Loughborough, England) overnight in order to fix the wax sections to the glass slide.

4.2.5 Staining with haematoxylin and eosin (H&E)

W ax em bedded sections were de-waxed in xylene for 5min and rehydrated in a series 

o f descending graded alcohols (absolute alcohol, 96%, 70%, 50% and 30%) for 1 

minute in each and then washed in running tap water. Sections were then stained with 

Harris haem atoxylin (Sigma-Aldrich, England) for 15 minutes, differentiated in 1% 

acid alcohol, (blued) in tap water and counter stained in 1% aqueous eosin (Sigma- 

Aldrich, England) for one minute. Stained sections were dehydrated by an ascending 

graded alcohol series (70%, 96%, absolute alcohol) for 2 m inutes in each solution and 

then cleared in xylene. Resinous mounting medium (DPX, BDH Laboratory Supplied,
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Poole, England) was placed over each section and samples were mounted with a glass 

coverslip (Sigma-Aldrich, England).

4.2.6 Staining with Masson’s Trichrome

Trichrome stains are used in the differential demonstration of connective tissues. The 

term “trichrom e” is a general name for a number o f techniques for the selective 

demonstration of muscles, collagen fibres, fibrin and erythrocytes. By implication, 

three dyes are used, one of which may be a nuclear stain. Factors affecting trichrome 

stains include tissue permeability and dye molecular size. The general rule of 

trichrome staining is that a smaller dye molecule will penetrate and stain a tissue 

element, but whenever a larger dye molecule can penetrate the same element, the 

smaller m olecule will be displaced.

For trichrome staining, wax embedded sections were de-waxed in xylene for 5min 

and rehydrated in a series of descending graded alcohols (absolute alcohol, 96%, 

70%, 50% and 30%) for 1 minute in each and then washed in running tap water. 

Sections were then stained with W eigert's iron haematoxylin working solution 

(Sigma-Aldrich, England) for 20 minutes, blued in tap water and differentiated in 1% 

acid alcohol rapidly. After this the sections were stained in Ponceau Red (Sigma- 

Aldrich, England) for 10 minutes, rinsed in distilled water and differentiated in 1% 

phosphomolybdic acid until collagen is almost discoloured. Sections were then 

counterstained with 5% Light Green (Sigma-Aldrich, England) for 2-5 minutes rinsed 

briefly in distilled water and differentiated in 1% acetic acid. Stained sections were 

dehydrated by an ascending graded alcohol series (70%, 96%, absolute alcohol) for 2 

minutes in each solution and then cleared in xylene. Resinous mounting medium
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(DPX, BDH Laboratory Supplied, Poole, England) was placed over each section and 

samples were mounted with a glass coverslip (Sigma-Aldrich, England).

4.2.7 Histological and Histomorphometric Analysis

Early healing events such as host cell penetration, blood vessel in-growth and scaffold 

integration were observed under an optical microscope (Olympus Optical Co., Ltd, 

London E C IY , United Kingdom). From each animal, three representative H&E 

stained sections were randomly selected for histom orphom etric analysis. Computer- 

assisted m easurements were obtained using image analysis software (Analysis soft 

imaging system GmbH, Germany). Sections were exam ined under light microscopy 

(xlO magnification) by an experienced histopathologist (Dr. Mary Toner) who was 

blinded with regard to treatment. Different cell types were identified according to 

their morphological characteristics using a higher magnification (x40). To assess the 

degree of inflammatory cell infiltrate, a grid was superim posed over the inflamed part. 

Four areas of each section were studied. Inflammation was scored as none (0), mild 

(1), moderate (2) or severe (3). The inflammatory cells were identified based on their 

morphology.

4.3 Results

All animals had an uneventful recovery and were available for evaluation. No signs of 

infection were registered during the healing period or at the time of retrieval.

4.3.1 Qualitative histological analysis: 

Group 1,

In the em pty defect group, a thin layer o f connective tissue was present at the defect 

site, reflecting scarring without regeneration or bone form ation activity. The tissue in
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the central part of the defect appeared thinner than the original calvarium. It was well 

vascularized and rich in fibroblasts with oriented collagen fibers (Figure 4.2 and 

Figure 4.3).

Group 2,

The cell-free scaffold maintained its integrity and preserved the three dimensional 

form of the defect. The scaffold appeared well populated with host cells, with 

negligible or no inflammatory infiltrate (Figure 4.4 and Figure 4.5). There was no or 

minimal focal bone formation.

Group 3 and Group 4,

The cell-seeded scaffolds induced a more prominent inflammatory response com pared 

to the cell-free scaffolds. However, there were no apparent differences between the 

scaffolds that were maintained in standard medium (Figure 4.6 and Figure 4.7) and 

those maintained in osteoinductive-factor supplemented medium (Figure 4.8).

The inflammation was m arked in the internal part of the scaffold that was adjacent to 

the dura mater. The external part was strikingly free of inflammation with a very clear 

demarcation between the external and internal parts. The cellular infiltrate consisted 

mainly of macrophages and fibroblasts, as well as lymphocytes with associated 

increased vascularity. There was vascular proliferation along the external surface of 

the scaffold unrelated to inflammation. Areas o f early bone formation were also 

evident, although they were mainly restricted to the inflamed part of the scaffold 

(Figure 4.9).
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Figure 4.2 Micrograph representing the empty defect group showing a thin layer of connective 
tissue occupying the defect. H&E stained. Arrow = defect margin, (a) Original magnification x2. 
(b) Original magnification xlO

Figure 4.3 Micrograph representing the empty defect group showing a thin layer of connective 
tissue occupying the defect. Masson’s trichrome stained. Arrow = defect margin, (a) Original 
magnification x2. (b) Original magnification xlO
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Figure 4.4 (a) Micrograph showing the cell-free scaffold. H&E stained. Arrow = defect margin. 
Original magnification xlO. (b) The cell free scaffold populated with host cells. Original 
magnification x40.

Figure 4.5 (a) Micrograph showing the cell-free scaffold. Masson’s trichrome stained. Arrow = 
defect margin. Original magnification xlO. (b) The cell free scaffold populated with host cells. 
Original magnification x40.



Figure 4.6 Micrograph representing the cell-seeded scaffolds that were maintained in standard 
medium. H&E stained. Arrow = defect margin, (a) Original magnification x2. (b)Original 
magnification x 10. (1) Non inflamed part. (2) inflamed part. Square = new bone

Figure 4.7 Micrograph representing the cell-seeded scaffolds that were maintained in standard 
medium. Masson’s Trichrome stained. Arrow = defect margin, (a) Original magnification x2. (b) 
Original magnification xlO. (1) Non inflamed part. (2) inflamed part.
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Figure 4.8 Micrograph representing the cell-seeded scaffolds that were maintained in 
supplemented medium. H&E stained. Arrow = defect margin, (a) Original magnification x2. (b) 
Original magnification xlO. (1) Non inflamed part. (2) Inflamed part. Square = new blood 
vessels.

■mpTn

Figure 4.9 Representative micrograph of group 4 showing areas of new bone (1), the interface 
between the inflamed and non inflamed parts of the scaffold (2), blood vessel regeneration in the 
non inflamed part of the scaffold (3). H&E. Original magnification x4. Also showing a higher 
magnification x20 of the three areas.
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4.3.2 Histomorphometric and statistical analyses:

The full set of m easurements is shown in appendix 4. Histomorphometric parameters 

were defined as follows:

■ Area of non-inflamed part o f the scaffold (NIS): to provide information about 

the difference between the experimental groups in the extent o f inflammatory 

infiltrate.

■ Area of blood vessels in non inflamed part of the scaffold: as the vascular 

proliferation along the external non-inflam ed part o f the scaffold is unrelated 

to inflammation, it may have been induced by the scaffold/cell construct. 

Therefore, we are interested in measuring the difference in the area of new 

blood vessels between the experimental groups.

■ Area o f newly formed bone throughout the scaffold.

The distribution o f the outcome measures after calculating the mean percentage across 

sections was non-normal, as such; the analyses of these variables were based on 

medians and inter-quartile ranges and the non-param etric Kruskal-W allis test. The 

association between group level and inflammatory cell infiltrate was tested using the 

Pearson chi square test. The level o f statistical significance was set at the conventional 

alpha = 0.05.

(1) Area o f  non-inflamed part o f  the scaffold (NIS).

The cell-free scaffolds in group 2 showed a notably higher median than the cell- 

seeded scaffolds in groups 3 & 4 (Figure 4.10).
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Figure 4.10 A box plot displaying the percentage area 
of non inflamed part of the scaffold (NIS) by group.

The distribution of the data among the sections in each group is presented in table 4.1.

Level Minimum 25% Median 75% Maximum
2 0 58.23 83.23 92.5 100
3 7.03 19.45 25.43 32.11 71.9
4 0 19.43 34.26 46.92 59.56667

Table 4.1 The median and the quantiles of the percentage area of NIS

The result of Kruskal-Wallis one-way analysis of variance showed a highly 

significant difference between the tested groups (P < 0.001). The data are displayed in 

table 4.2.

Level Count Score Sum Score Mean (Mean-Mean 0)/Std 0
2 12 271.5 22.62 3.599
3 9 85 9.44 -2.444
4 9 108.5 12.06 -1.381

ChiSquare DF Prob>ChiSq
13.5027 2 0.0012

Table 4.2 Wilcoxon / Kruskal-Wallis tests (Rank Sums) and Chi Square 
Approximation for the percentage area of NIS.
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(2) Area o f blood vessels in non inflamed part o f  the scaffold.

The cell-free scaffold had a notably lower median than the scaffolds in the cell-seeded 

groups (Figure 4.11).
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Figure 4.11 A box plot displaying the percentage area 

of blood vessels in NIS by group.

The distribution of the data among the sections in each group is presented in table 4.3.

Level Minimum 25% Median 75% Maximum
2 0 0 0 0 4.06
3 0 0 1.3 3.5 9
4 0 0 0.04 12.2 38.76

Table 4.3 The median and the quantiles of the percentage area of blood vessels in NIS

The result of Kruskal-Wallis one-way analysis of variance showed a significant 

difference between the tested groups {P< 0.025). The data are displayed in table 4.4.

Level Count Score Sum Score Mean (Mean-Mean 0)/Std 0
2 12 129.5 10.79 -2.677
3 9 165.5 18.39 1.303
4 9 170 18.89 1.533

ChiSquare DF Prob>ChiSq
7.3116 2 0.0258

Table 4.4 Wilcoxon / Kruskal-Wallis tests (Rank Sums) and Chi Square 
Approximation for the percentage area of blood vessels in NIS.
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(3) Area o f newly form ed bone

The group medians were not all the same. The seeded scaffolds in Group 4 had a 

notably higher median, i.e. a higher percentage area of newly formed bone than the 

cell-free scaffolds in Group 2. The difference between the seeded scaffolds in Group 

3 and Group 4 was not significant (Figure 4.12).

8 -

6 -

4 -

0 -

Group

Figure 4.12 A box plot displaying the percentage area 
of new bone by group.

The distribution of the data among the sections in each group is presented in table 4.5.

Level Minimum 25% Median 75% Maximum
2 0 0 0 0.76 1.8
3 0 0.38 1.13 2.1 8.16
4 0.2 0.83 1.5 3.9 8.1

Table 4.5 The median and the quantiles of the percentage area of new bone

The result of Kruskal-Wallis one-way analysis of variance showed a highly 

significant difference between the tested groups {P < 0.0034). The data are displayed 

in table 4.6.
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Level Count Score Sum Score Mean (Mean-Mean 0)/Std 0
1 12 108.5 9.04 -3.29
2 9 166.5 18.5 1.21
3 9 190 21.1 2.29

ChiSquare DF Prob>ChiSq
11.3852 2 0.0034

Table 4.6 Wilcoxon / Kruskal-Wallis tests (Rank Sums) and Chi Square 
Approximation for the percentage area of new bone.

(4) Contingency Analysis o f  inflammatory cells By Group

Contingency Table (Group by inflammatory cells) is shown below (Table 4.7). There 

is a highly significant statistical association between the grading for inflammatory 

cells and the Group variable {P < 0.0001). Groups with cell seeded scaffold showed 

higher grades of inflammatory cell infiltrate than the cell free scaffold.

Grade 0 Grade 1 Grade 2 Grade 3

Group 2
Count 
Col % 

Cell Chi^

17
100.00

15.3000

10
90.91
7.1273

5
45.45

0.0818

4
7.84

13.1843

36

Group 3
Count 
Col % 

Cell Chi^

0
0.00

5.1000

0
0.00

3.3000

3
27.27

0.0273

24
47.06

4.9471

27

Group 4
Count 
Col % 

Cell Chi^

0
0.00

5.1000

1
9.09

1.6030

3
27.27

0.0273

23
45.10
3.8752

27

17 11 11 51 90

Test
Pearson

ChiSquare
59.673

Prob>ChiSq
<.0001

Table 4.7 Contingency table showing the association between the grading for 
inflammatory cells and the group variable. In addition to cell counts, each cell shows 
the cell’s contribution to the overall chi-square figure of (59.673). Note that cells 0, 2 
(with 15.3) and cell 3, 2 (with 13.18) are the largest contributors to the overall chi- 
square value.
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4.4 Discussion

The objective o f this study was to evaluate the early healing events around 

m esenchymal stem cell-seeded collagen glycosaminoglycan scaffolds using the rat 

calvarial defect model. Histological and histomorphometric analyses were performed 

at 7 days following implantation. The results showed that collagen-GAG scaffold 

maintained its integrity and preserved the geometry o f the defect site. Furthermore, 

seeded scaffolds dem onstrated signs of valscularization and early bone formation.

The critical-size rat calvarial defect, com pared with other experimental bone defects, 

is a convenient model for evaluating bone regenerative effects o f biomaterials because 

of its relative accessibility, simplicity, and reproducibility. This model is 

advantageous over long bone defect models because it eliminates the effects of 

motion at the defect site and the need for internal fixation devices (W ang et al. 1998).

The results o f a num ber o f studies (Bosch et al. 1998; Donos et al. 2004; Furlaneto et 

al. 2007) have clearly indicated that bone defects of 5 mm diameter do not heal 

spontaneously in a predictable way if they are left to spontaneous healing, i.e. the 

proliferation of undesired soft tissues in the bone defect interferes with the wound 

healing process and interrupts the proliferation of bone forming cells from the 

periphery of the defect. This is consistent with results of our study in terms o f the 

empty defect group. The use of larger calvarial defects may result in the inclusion of 

the sagittal suture. If included, the connective tissue o f the suture may adversely affect 

bone healing within the defect (Bosch et al. 1998). A 5 mm defect can be consistently 

reproduced entirely within the parietal bone, therefore reducing complications due to 

the presence of the sagittal suture in the defect.
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In the em pty defect group the defect centre was collapsed, with the tissue in the 

central part o f the defect appearing thinner than the original calvarium. On the other 

hand, collagen-GAG scaffold preserved the three dimensional form of the defect 

regardless o f being seeded with M SCs or not. The outcome o f any type of 

regenerative procedure is strongly dependent upon the available space under the 

m ucoperiosteal flap (W ikesjo and Selvig 1999). In the present study, the flap collapse 

seen in Group 1 was probably prevented by the use o f collagen-GAG scaffold in 

Groups 2, 3 and 4. This is an extrem ely advantageous property for a bone regenerative 

material where predictable modification o f a defect or deficiency is required. The 

shallow geometry of a non-healing calvarial defect is very dem anding not only in 

biological but also in geometrical respects, because it not only provides low 

regenerative potential o f the local bone but additionally requires mechanical 

properties of a scaffold adequate to prevent collapse and subsequent impairment of 

bone regeneration in the defect.

The cell-free scaffold maintained its integrity and appeared well populated with host 

cells, with no or minimal inflam m atory reaction. The im m unosuppressive properties 

o f glycosam inoglycans may provide an explanation for the reduced tissue response 

against collagen-GAG scaffolds. For example, heparan sulphate has been shown to 

decrease the production o f IL-4 by lym phocytes in vitro (W renshall et al. 1999), and 

inhibited INF-y by com petitive sequestration of these cytokines from  cell surface 

HSPGs and high affinity receptors (Douglas et al. 1997). Furthermore, previous 

studies have reported that attachm ent of glycosam inoglycans reduced foreign body 

reactions, which also may result in delayed scaffold degradation. A fter 10 days of 

implantation, collagen-GAG scaffolds were found to be unattractive substrates for
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infiltration of macrophages and formation o f giant cells (Pieper et al. 2000). This may 

in part be m ediated by blocking o f CD44 by im mobilized glycosam inoglycans or their 

fragments (Sterling et al. 1998).

The scaffolds used in this study were crosslinked via a standard dehydrotherm al 

process to strengthen the collagen network by introducing covalent crosslinks 

between the polypeptide chains of the collagen fibers (O 'Brien et al. 2007). 

Crosslinking native collagen has been shown to reduce the antigenicity o f the material 

by linking the antigenic epitopes rendering them either inaccessible to phagocytosis or 

unrecognizable by the immune system (Hardin-Young et al. 1996). Furthermore, 

crosslinking has been thought to reduce scaffold biodegradability (Pieper et al. 2000). 

The authors reported that crosslinked collagen scaffolds preserve their integrity during 

implantation compared to non-crosslinked collagen. The resistance of a collagen 

scaffold to proteolytic attack from the surrounding tissue is important for preservation 

o f the three dimensional nature of the defect.

The cell-seeded scaffolds induced significantly more inflammatory response 

compared to the cell-free scaffold. The inflammation was marked in the internal part 

of the scaffold that is adjacent to the dura mater with the external part showing no or 

minimal inflammatory infiltrate. Acute inflammation, the first phase of wound 

healing, takes place as neutrophils and then monocytes transmigrate through the 

endothelium and the provisional fibrin clot and extracellular matrix to the locus o f the 

inflammatory stimulus (Babensee et al. 1998). Inflammatory cell infiltration may have 

occurred in response to additional cell-derived cytokines and chem okines due to the 

presence o f cells.
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The animals used in this study are isogenic; i.e. genetically identical individuals. This 

is achieved through the process of inbreeding. However, studies show that absolute 

homozygoty is im possible to achieve (Smith A et al. 2001; ISBN 82-7725-117-3). 

Therefore, the more prom inent inflammatory cell infiltrate in the cell-seeded groups 

compared to the cell-free group may be looked at as an immune reaction to the 

cellular com ponent o f the graft. This would be contradictory to the results o f several 

reports on the im m unosuppressive properties of MSCs (Di Nicola et al. 2002; Le 

Blanc et al. 2003; Javazon et al. 2004). Angoulvant et al. (2004) found that M SCs 

express neither MHC class II molecules nor co-stim ulatory receptors (CD80, CD86) 

on their surface; therefore they do not exhibit antigen-presenting cell activities. 

Interesting observations have been made on the im m une-m odulatory effects o f M SCs 

in vivo. For instance, the survival of allogeneic skin grafts was shown to be prolonged 

by the intravenous adm inistration of MSCs in immune-competent, outbred baboons 

(Bartholomew et al. 2002). The immune-tolerance and the immune-modulatory 

properties o f M SCs thus augm ent their potential as a progenitor cell source for 

clinical applications, although the results o f the present study cannot confirm  this.

In the cell-seeded groups, areas o f blood vessel regeneration throughout the scaffold 

were evident. The increased vascularity in the inflamed part would be expected as part 

o f the inflammatory response. Since the increased vascularity in the external part was 

unrelated to inflammation, it may have been induced by the scaffold/cell construct. 

Areas of newly form ed bone were also evident, although mainly restricted to the 

inflamed part o f the scaffold. The finding of newly form ed bone within the scaffold 

after 7 days o f implantation signaled the osteoinductive potential of the construct. 

Sim ilar findings o f early bone formation were reported by Tapety et al. (2004) using
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the rat femural model. At day 5, defects grafted with deproteinized bovine bone were 

occupied with newly formed woven bone.

In conclusion the results o f this study dem onstrated that after 7 days of implantation 

in the rat calvarial model, the collagen-GAG scaffold maintained its integrity and 

preserved the architecture of the defect and was well populated with host cells. In 

addition, seeded scaffolds showed signs o f early bone formation and neoangiogenesis. 

These results indicate the osteoinductive potential o f the construct. However, the bone 

regenerative ability o f this construct will need to be substantiated in a longer term in 

vivo experiment.
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Chapter 5 ^ ---
Evaluation of the ability of 

collagen-GAG scaffolds with 
or without MSCs to heal bone 

defects in vivo
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5.1 Introduction

Reconstruction of maxillofacial bony defects using m inim ally morbid techniques 

greatly enhances success and patient acceptance. This is largely because both 

practitioners and patients alike have perceived these reconstructive methods as being 

rather invasive, requiring bone removal from non-oral sites which may be associated 

with donor site morbidity. In order to elim inate the need to create a second surgical 

donor sites, recent studies have defined the field o f scaffold-guided bone tissue 

engineering to be a prom ising strategy for the treatm ent o f many skeletal defects 

(W an et al. 2007). Regenerative scaffolds allow for the repopulation and 

differentiation of various cell types and are the focus of many current investigations.

There are two major approaches to tissue engineering for bone regeneration. One 

tissue engineering approach entails cell-free scaffolds; whereas cell-based tissue 

engineering includes cells or tissues generated in vitro. In cell-free scaffolds, the 

scaffold is used to define the space for new tissue ingrowth and to enhance the 

maturation and function of tissue that has been directed to grow into the scaffold. 

Cell-based tissue engineering approaches incorporate seeding of a scaffold or carrier 

with cells that will be delivered to and retained within the recipient site. In some 

cases, the cell/scaffold construct will be precultured to generate the required tissue 

and later transplanted to the recipient site (Glowacki and M izuno 2008). Several 

studies have shown that the implantation o f certain cell/scaffold com bination can lead 

to better results in bone regeneration than the im plantation of the scaffolds alone 

(B ru d ere ta l. 1998a).
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In the previous chapter, we dem onstrated that both cell-free and M SC-seeded 

collagen-GAG scaffolds maintained their integrity after 7 days im plantation in a 

critical sized rat calvarial defect. The scaffolds preserved the three dimensional form 

o f the defect and appeared to be populated with host cells. The cell-seeded scaffolds 

showed signs o f early bone formation and early vascularization. Taken together, the 

results show that this cell/scaffold construct has good tissue tolerance and exhibits an 

osteoinductive effect as is indicated by early stage healing. It should be noted, 

however, that the implantation of the cell-seeded scaffolds induced a significant 

inflammatory response com pared to the cell-free scaffolds. In addition, there were no 

apparent differences between the scaffolds that were maintained in standard medium 

and those maintained in osteoinductive-factor supplemented medium. These findings, 

obtained after 7 days of implantation, will now need to be substantiated in a longer 

term in vivo experiment.

Although a large num ber of m aterials have been developed for bone tissue 

engineering (Kum arasuriyar et al. 2005; Bonzani et al. 2007; Silva et al. 2007), only a 

few are currently being tested in critical size defects (CSD) (Hollinger et al. 2000). In 

this study, the aim was to examine the capacity of collagen-GAG scaffolds with or 

without M SCs to satisfactorily repair a critical sized defect in a rodent calvarium over 

a healing period of 12 weeks. We will also be interested in observing the difference 

between using osteoinductive factor-stim ulated MSCs and non-stimulated MSCs.

5.2 Materials & Methods

The Collagen-GAG scaffolds ware fabricated and seeded with MSCs as described 

previously in section 2.1 and section 4.2.1. The study was performed under Irish
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Government Licence No. B 100/3494. The experimental protocol followed the ethical 

guidelines for care and use of laboratory anim als established by the Department of 

Health in Ireland and ethical approval was granted by the Ethics Committee, Trinity 

College Dublin.

Forty-four adult W istar rats (250-350 gm) were used in this study. In each animal a 

standardized, circular, transosseous defect, measuring 5 mm in diam eter was created 

on the parietal calvarial bone using a method previously detailed in section 4.2.2.

The defects were rinsed with normal saline and filled with graft material in each 

experimental group as follows:

Group I (n = 8) - the defect was left empty to serve as a control.

Group 2 (n = 1 1 ) -  cell-free scaffolds.

Group 3 (n -  13} -  cell-seeded scaffolds maintained in standard DMEM.

Group 4 (n = 12) -  cell-seeded scaffolds maintained in osteoinductive-factor 

supplemented medium for 4 weeks prior to implantation.

The scaffolds were transferred to the surgical theatre using a portable mini incubator 

(M inicub 20, Chewell laboratories Ltd, UK). The overlaying periosteum  was closed 

using 5.0 Vicryl absorbable sutures (Ethicon''^'^, NJ, USA) The skin flaps were then 

closed using Skin staples (Autosuture™ , Royal™  35W, USA) (Figure). Each rat was 

monitored closely postoperatively and an antibiotic (Gentamicin, 0.05 ml/kg) was 

adm inistered intramuscularly once daily for 5 days postoperatively. A nalgesia was 

adm inistered post-operatively and subsequently as necessary. For the duration of the
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recovery period , anim als w ere housed  in the b ioresources unit under veterinary

supervision .

A n im als w ere euthanized  w ith  C O 2 asp hyxiation  at 12 w eek s after surgery. B lock  

section s, in clud ing  the surgical sites, w ere rem oved  and fixed  in 10% neutral buffered  

form alin  (C ellpath  Ltd, N ew to w n , U K ). S am ples w ere d eca lc ified  in 5% form ic acid  

and em bedded  in paraffin w ax  as deta iled  in section  4 .2 .3 .

W ax em bedded  sam p les w ere p laced  in the m icrotom e (Ernst L eitz  Ltd. G erm any) 

and 5 |im  thick coronal section s w ere seria lly  cut through the centre o f  the defect. 

S ection s w ere stained w ith  haem atoxylin  and eo sin  as d etailed  in section  4 .2 .5  or 

M asson ’s trichrom e as detailed  in secU on 4 .2 .6  and exam in ed  under an optical 

m icroscop e (O lym p us O ptical C o., Ltd, L ondon  E C l Y, U nited  K ingdom ).

5.3 Results

A ll an im als survived  the surgical procedures and w ere availab le  for evaluation . 

W ound h ealing  progressed  w ithout any sign s o f  in fection , m aterial exposure or other 

com p lica tion s during the hea ling  period and at the tim e o f  retrieval. W eight gain w as  

norm al in all an im als.

5.3.1 Qualitative histological analysis 

Group I

T he em pty d efect group dem onstrated on ly  a sm all am ount o f  n ew  bone w h ich  w as 

con fin ed  to areas at the ed ge  o f  the d efect w ith no n ew  b one form ation in the other 

d efect areas. O ne anim al, h ow ever, sh ow ed  an excep tion a l ex ten sion  o f  the n ew ly
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formed bone toward the centre resulting in near closure o f the defect. Bone at the 

margins of the defect showed a mixture of lam ellar and woven bone indicating 

persistent new bone formation. In most of the specimens, the central part o f the defect 

healed with a thin connective tissue as shown in Figure 5.1 and Figure 5.2. This was 

less vascular and less cellular in comparison to the fibrous tissue which occupied the 

defect after one week as described in chapter 4. There was no sign o f inflammatory 

infiltrates throughout the surgical defect.

Group 2

The implantation of the cell-free scaffold resulted in extensive new bone formation 

apparent in all of the defects (Figure 5.3). M icroscopically no residues of the 

collagen-GAG scaffold were found after 12 weeks. At the defect margins, the newly 

formed bone appeared well integrated with the host bone. A thickening of bone at the 

bony margin of the defect was also observed (Figure 5.4). The outer surface of the 

new bone that faced the scalp and the inner surface that faced the dura mater 

dem onstrated a mature lamellar bone, while the middle part of the new bone 

dem onstrated a woven bone pattern with increased haem atopoietic stromal areas 

(Figure 5.5).
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Figure 5.1 Representative micrograpii of tiie empty defect group showing a thin layer 
of connective tissue occupying the defect. H&E stained. Arrow = defect margin, (a) 
Original magnification xl.25. (b) Original magnification xlO

500|Jm

Figure 5.2 Representative micrograph of the empty defect group showing a thin layer 
of connective tissue occupying the defect. Masson’s trichrome stained. Arrow = 
defect margin, (a) Original magnification xl.25. (b) Original magnification xlO



5.0mm 5.0mm

Figure 5.3 Micrograph showing marked bone formation within defects treated with 
cell-free scaffolds. Arrows indicating the edges of host bone. Original magnification 
xl.25. (a) H&E stained, (b) Masson’s trichrome stained.

2.0mm

Figure 5.4 Micrograph showing good integration and bone thickening ar the interface 
between host and new bone. (1) Lamellar bone. (2) Woven bone. H&E stained. 
Original magnification x4.

500um

Figure 5.5 Micrograph showing a higher magnification (xIO) of the newly formed 
bone in the cell-free scaffold (1) Lamellar bone. (2) Woven bone, (a) H&E stained, 
(b) Masson’s trichrome stained.
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Group 3

The overall extent of bone regeneration in this group (cell-seeded scaffolds that were 

cultured in standard medium) was limited and was less then the new bone seen in the 

group 2 (cell-free scaffolds). Areas of new bone were evident at the margins and 

towards the centre of the defects. In most o f the exam ined sections, there was no solid 

osseous bridging of the defect, but islands of bone were distributed in the form er 

defect area and em bedded in a fibroblast-rich connective tissue that was organized 

and dense. In other areas, the surrounding connective tissue was loose and not 

organized (figure 5.6). However, new bone formation, originated from  the margins 

and/or as bone isles throughout the defect, was greater than in the em pty defect group. 

The newly formed bone in the centre of the defect appeared lamellar in nature with 

mature osteocytes (figure 5.7). Its worth mentioning that signs o f inflammatory 

reaction at 12 weeks were markedly less than at 7 days time point reported in chapter 

4.

Group 4

The defects which were grafted with M SC-seeded scaffolds that were cultured in the 

presence of osteoinductive factors showed similar healing pattern to those cultured in 

standard culture medium (figure 5.8 and figure 5.9). The extent of bone regeneration 

in this group was less than the new bone seen with non-seeded scaffolds.
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Figure 5.6 H&E stained representative micrographs of the cell-seeded scaffolds 
(group 3). (a) Defect healing by islands of new bone embedded in connective tissue. 
Original magnification x2. (b) Mature lamellar bone. Original magnification xIO.

r  V

2.0mm SOOpm

Figure 5.7 Representative micrographs of the cell-seeded scaffolds (group 3) showing 
fibrous tissue separating new bone from host bone. Arrows indicating the edges of 
host bone. Masson’s trichrome stained (a) Original magnification x2. (b) Original 
magnification xlO.
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Figure 5.8 H&E stained representative micrographs of the cell-seeded scaffolds 
(group 4). (a) Defect healing by islands of new bone embedded in connective tissue. 
Original magnification x2. (b) Mature lamellar bone. Original magnification xlO.

o .O m tn

Figure 5.9 Masson’s trichrome stained representative micrographs of the cell-seeded 
scaffolds (group 3). (a) Defect healing by islands of new bone embedded in 
connective tissue. Original magnification x2. (b) Mature lamellar bone. Original
magnification xlO.
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5.3.2 Histomorphometric and statistical analyses

From each animal, three representative H&E stained sections were randomly selected 

for histom orphom etric analysis. Com puter-assisted m easurements were obtained 

using image analysis software (Analysis soft imaging system GmbH, Germany). 

Sections were analyzed under lOX magnification. All m easurements were made by an 

exam iner who was blinded with respect to treatment.

A total of 132 sections were analyzed. The full set of data is displayed in appendix 5. 

From each section two measurements were obtained; the percentage o f linear bone 

healing in the defect and the area of new bone in the defect.

1. Measurement of percentage of linear bone healing in the defect:

As the bridging o f a defect is important to the quality o f defect healing, the percentage 

of new bone in the defect was evaluated to determ ine which treatm ent was able to 

facilitate bone growth in the defect area, thus suggesting an ability to enhance 

bridging.

By the end of 12 weeks in vivo, cell-free scaffolds resulted in a mean percentage of 

bone healing o f 93.52 (+2.42) % whereas the cell-seeded scaffolds in group 3 and 

group 4 resulted in a mean percentage of bone healing o f 74.21 (+3.59) % and 76.78 

(+4.10) % respectively. Defects which were left empty showed a mean percentage of 

bone healing of 65.40 (+5.30) %. The fact that one animal in the empty defect group 

(animal num ber 8) showed near complete healing of the defect has contributed to this 

reladvely high percentage o f bone healing. These results are represented in figure 

5.10.
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Figure 5.10 Percentage linear bone healing within the defect.

Statistical significance was determined with analysis of variance (ANOVA). 

Statistical analyses were performed at a 95% confidence interval using statistical 

software (SPSS 13.0 for Windows; SPSS, Inc, Chicago, USA). The effect of group 

was found to be highly significant (P<0.0001). In addition, the test showed significant 

variation on the animal level (f’<0.()(X)l). The results are presented in table 5.1.

Source DF Mean Square F Sig.

Intercept 1 750639.210 6958.906 0.0001

Group 3 3358.988 31.140 0.0001

Animal 12 1466.568 13.596 0.0001

Group * Animal 28 1247.520 11.565 0.0001

Table 5.1 Effect tests for group and animal (Percentage bone healing within the

defect).

A Post Hoc multiple comparison of the percentage of bone healing between groups 

was analyzed with Tukey HSD. The bone healing in the cell-free scaffold group 

(group 2) was found to be significantly greater than the bone healing achieved by any
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other groups (f*<0.0001). The test showed no difference between the bone healing 

generated by the cell-seeded scaffolds that were cultured in standard culture medium 

(group 3) and the bone healing by the cell-seeded scaffold that were cultured in 

presence of osteoinductive factors (group 4) (^<0.7090). However, the seeded 

scaffolds in group 3 and group 4 performed obviously better than the empty defect 

(table 5.2).

(I) Group (J) Group Mean Difference (I-J) Sig.

1 2 -28.121 0.0001

3 -8.814 0.0080

4 -11.383 0.0001

2 1 28.121 0.0001

3 19.307 0.0001

4 16.739 0.0001

3 1 8.814 0.0080

2 -19.307 0.0001

4 -2.568 0.7090

4 1 11.383 0.0001

2 -16.739 0.0001

3 2.568 0.7090

Based on observed means.
The mean difference is significant at the 0.05 level.

Table 5.2 Statistical differences in percentage of bone healing between groups

2. Area measurement of newly formed bone within the defect:

The average bone area within the defect per group after 12 weeks in vivo is shown in 

(figure 5.11). With a mean value of 1.59(±0.12), the cell-free scaffolds scored the 

highest level of bone area within the defect compared with the other groups.
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Figure 5.11 Bone area within the defect.

Statistical significance was determined with analysis of variance (ANOVA). Effects 

of group and animal were found to be highly significant (P<O.OOOI ). The results are 

displayed in table 5.3.

Source DF Mean Square F Sig.

Intercept 1 200.339 3701.259 0.0001

Group 3 1.838 33.959 0.0001

Animal 12 0.839 15.493 0.0001

Group * Animal 28 0.624 11.535 0.0001

Table 5.3 Effect tests for group and animal (area of newly formed bone)

Tukey HSD post hoc statistical analysis methods were performed for bone area 

analysis results to permit multiple comparisons between the study groups (table 5.4). 

The defects that were grafted with cell-free scaffolds (group 2) showed significantly 

greater area of new bone than any other group (P<0.0001). Within the cell-seeded 

groups, increased bone area was noted when the scaffolds were cultured in the
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presence of osteoinductive factors (P<0.039). Interestingly, the area of newly formed 

bone in the cell-seeded scaffolds which were maintained in standard culture medium 

was only slightly more than that measured in the empty defect group (P<0.0491).

(I) Group (J) Group Mean Difference (I-J) Sig.

1 2 -0.6230 0.0001
3 -0.1585 0.0491
4

-0.3046 0.0001
2 1 0.6230 0.0001

3 0.4645 0.0001
4 0.3184 0.0001

3 1
0.1585 0.0491

2 -0.4645 0.0001
4 -0.1461 0.0390

4 1 0.3046 0.0001
2 -0.3184 0.0001
3 0.1461 0.0390

Based on observed means.
The mean difference is significant at the 0.05 level.

Table 5.4 Statistical differences in the area of newly formed bone between groups 

5.4 Discussion

The aim of this investigation was to assess the ability of MSC-seeded collagen-GAG 

scaffolds that were pre-cultured in vitro for 4 weeks to regenerate bone tissue in a 5 

mm rat calvarial defect. Following a healing period of 12 weeks, all the test groups 

showed significantly more bone formation compared to the empty defect control 

group. However, each group showed intra-group variability in the amount of new 

bone. Although histomorphometric analysis demonstrated a considerable amount of
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newly formed bone among the cell-seeded scaffolds, cell-free scaffolds resulted in a 

significantly higher new bone than any other group.

In the control group, where the defects were left empty, new bone form ation was seen 

at the edges and extending towards the centre of the defect resulting in partial bony 

repair. In most o f the specimens, however, no complete bony bridging occurred and 

the central part of the defect healed with a thin connective tissue. This dem onstrated 

that 5 mm calvarial defect was of a critical size (non healing within the length o f the 

study). This is in line with the results of several previous studies (Bosch et al. 1998; 

Donos et al. 2004; Furlaneto et al. 2(X)7; Sawyer et al. 2009). The bone healing in the 

test groups was found to be significantly higher than the bone healing achieved by the 

empty defect group (P<0.()01). Nevertheless, given the relatively high percentage of 

bone healing (65.40 %) that was observed in the empty defect group, the use of 

calvarial defects of a larger diam eter might provide more efficient model in assessing 

bone repair in the crainiofacial region.

The defects that were augmented with cell-free scaffolds showed significantly more 

new bone formation than the other groups, both in term s of bone area and bony 

bridging o f the defect. In the last chapter we dem onstrated the tissue com patibility and 

the ability o f cell-free collagen-GAG to provide a scaffold which allows infiltration of 

host cells. Its full m ineralization after 12 weeks of implantation is a further proof of 

its osteoconductive properties. The scaffold appeared com pletely degraded and 

replaced by new bone which is an extrem ely important property of scaffolds used for 

bone regeneration. It has been reported in previous studies that type I collagen had 

been resorbed and substituted by mature bone 9 weeks after implantation (Inoda et al.
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2004). The authors of that study concluded that this histological sequence was ideal 

for induction o f osteogenesis.

The collagen-GAG scaffold might have played a role in the early cell proliferation, 

differentiation and subsequent secretion of ECM. Petrovic et al. (2006) studied the 

suitability o f different alloplastic and xenogenic biomaterials as scaffolds for ex vivo 

osteoblast cultivation. The authors concluded that a 3-dimensional collagen type-I 

scaffold can provide a more favorable environm ent for the attachment, proliferation, 

and differentiation o f in vitro osteoblast-like cells, at least until the initial stage of 

differentiation, than non collagenous biomaterials. Mizuno et al. (1997) demonstrated 

that bone marrow stromal cells expressed osteoblastic phenotypes (high alkaline 

phosphatase activity and synthesis o f osteocalcin), when they were maintained on 

type I collagen matrix gel in vitro, and formed bone in the subcutaneous region of 

nude mice in vivo. According to our knowledge, however, this is the first report on the 

use of collagen-GAG scaffold for bone regeneration in an in vivo setting.

In the cell-free scaffolds, the newly form ed bone appeared well integrated with the 

host bone with a bony thickening at the interface. This observation has been noted in 

other studies and was attributed to thickening of the cam bium  layer (also "osteogenic 

layer") of the periosteum  (Shapiro 1988). Thickening occurs due to proliferation and 

differentiation of the undifferentiated cells from the periosteum, endostium, and bone 

marrow. The periosteum  is lifted from the bone surface by underlying hyperplastic 

cells, which form an elevated ring around the defect margin. As these precursor cells 

divide and differentiate to osteoblasts, new bone grows into the defect site in an
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attem pt to bridge the gap. Later, woven bone is laid down and eventually becomes 

more organized into lam ellar bone

The cell-seeded scaffolds showed greater new bone formation than the empty defect 

group but significandy less than the cell-free scaffold. Islands of newly formed bone 

immersed in loose fibrous connective tissue were distributed throughout the defect but 

complete bony bridging was not seen in most of the animals. At the edge o f the 

defect, some specimens displayed bone formation with direct contact to host bone. In 

other areas, there was a layer of soft tissue between the graft and host bone. 

Interestingly, com parable levels of new bone were produced by M SC-seeded 

scaffolds that were precultured in standard culture medium and those precultured in 

the presence of osteoinductive factors.

The findings o f our previously described in vitro (chapter 3) and in vivo (chapter 4) 

experim ents may provide an explanation to the lack of continuous bony bridging of 

the defects grafted with M SC-seeded scaffolds. In particular, inflammation induced 

initially after scaffold implantation has been linked with unsuccessful engraftm ent of 

tissue-engineering constructs (Sung et al. 2004; Laschke et al. 2005). A foreign body 

reaction to the implanted M SC-seeded scaffold may have resulted in premature 

scaffold degradation (M eikle et al. 1994). If degradation is too rapid, osteoblasts will 

be deprived of a surface on which to migrate and secrete bone matrix, the result being 

fibrous repair rather than osseous regeneration. To ensure optimal healing and 

incorporation results, the augmentation material must not generate a specific immune 

response o f the host cells, with initiation of chemotaxis, activation and proliferation 

(Ericsson et al. 1995).
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Cell m ediated contraction is another possible explanation for the interrupted pattern of 

bone form ation in M SC-seeded scaffolds. Because of the contraction o f cell-seeded 

scaffolds, changes in the size and microstructure o f the implants take place frequendy. 

Cell-m ediated contraction can collapse the pores o f the scaffold, thereby possibly 

affecting cell m igration and proliferation and the flow of nutrients, and can distort the 

shape of the construct (Lee et al. 2000; M a et al. 2004). A change in size will cause 

difficulty in fitting a specific im plant site, or cause separation from the surrounding 

tissue host (M ueller et al. 1999; Torres et al. 20(X)). Furthermore, in vivo deformation 

of the scaffold could result in a loss of contact between the implanted device and the 

host tissue, thereby decreasing the chances for successful integration of the repair 

tissue.

A limitation of the present study is that the MSCs used were not labelled and thus 

could not be distinguished from the infiltrating host derived cells. As such, the 

possibility that the newly form ed bone in the cell-seeded scaffolds was laid by the 

infiltrating host derived cells cannot be ruled out. Accordingly, because new bone 

formed in the cell-free grafted defects, it seems that the host cells which populated the 

cell-free scaffold were able to initiate new bone filling of the defect w ithout the aid of 

implanted M SCs. These findings are in conflict with other studies, in which it has 

been reported that implants with differentiated osteoblasts and developed matrix are 

not only involved in direct bone formation, but also appear to be osteoinductive, 

inducing differentiation of host mesenchymal cells into osteoprogenitor cells during 

repair o f the critical-size bone defects (Ohgushi and Caplan 1999; W ang and 

Glim cher 1999a, 1999b).
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It has been reported previously that both delivery and migration of osteoprogenitor 

cells into bone defect areas establish the most definitive reconstruction o f bone 

defects (Terada et al. 2000; Lee et al. 2001b). Potentially, these cells secrete specific 

extracellular matrix com ponents (M izuno et al. 2000), which could induce 

proliferation and differentiation of mesenchymal cells into osteoblasts and result in 

the formation o f new bone (Iwata et al. 2002). The above-described findings implicate 

an active role for implanted osteoblasts in bone repair, however, in our study, cell-free 

collagen-GAG scaffolds resulted in mineralization not only on collagen fibrils, but 

also within newly formed extracellular matrix. Such mineralization was significantly 

decreased in collagen-GAG scaffolds seeded with MSCs.

In conclusion, we dem onstrated that collagen-GAG scaffold is capable of repairing a 

5 mm rat calvarial defect. The scaffold showed favorable osteoconductive properties, 

biocom patibility and degradability. In addition, we found that using precultured MSC- 

seeded collagen-GAG scaffolds resulted in incomplete healing o f the defect. 

Irrespective of these findings there is a need to determine the precise role of implanted 

vital cells in the mineralization process and what role, if any, the implanted cells play 

in the induction of mineralization in vivo.

137



Chapter 6

A comparison of cell-free 
unmineralised collagen-GAG 
scaffold and autogenous bone 

to induce bone formation in rat 
calvarial defects



6.1 Introduction

A utogenous bone grafting  is w idely  considered  the gold  standard  by w hich all 

techn iques o f  osseous reconstruction  o f  the cran io-m axillo facia l skeleton m ust be 

judged . H ow ever, the rela tively  lim ited  am ount o f  conven ien tly  availab le autogenous 

bone and  the need for a second  surgical site have led clin ic ians to u tilize o the r bone 

rep lacem ent op tions such as scaffo ld  based bone tissue engineering.

A m ong the m any scaffo lds cu rren tly  em ployed  fo r tissue engineering , co llagen  has 

been w idely  used. L ow -density , open-cell co llagen  scaffo lds are b iodegradab le  and 

are characterized  by an in terconnected  pore netw ork defined  by struts, p rov id ing  an 

appropria te  env ironm ent fo r in vitro  and in vivo  tissue eng ineering  applications. C ells 

attach , pro liferate  and form  m atrix  on porous co llagen  scaffo lds, confirm ing  that 

co llagen  is a prom ising  osteoconductive m aterial (B ouvier e t al. 1990; Serre et al. 

1993). T he results ob ta ined  in chap ter 5 have clearly  dem onstra ted  the ab ility  o f  

co llagen-G A G  scaffolds to repa ir critical size ra t ca lvaria l defects. W hile this resu lt is 

very  encourag ing , the calvaria l defect undergoes m inim al loading in vivo  and the 

d raw back  o f co llagen-based  scaffo lds is the ir poor m echanical strength  w hich  m ay be 

p rob lem atic  fo r bone tissue eng ineering  if  the scaffo lds are required  fo r load bearing 

app lica tions in, fo r exam ple, long bone defects.

B one is com prised  p rincipally  o f  the fib rous protein  co llagen  (type I) im pregnated  

w ith  a m ineral closely  resem bling  hydroxyapatite , Caio(P0 4 )6(O H )2; it a lso  con tains 

non -co llagenous pro teins and w ater. To optim ize the regenerative capab ility  o f  a 

scaffo ld , it is generally  believed  that the com position  and physical/m echan ical 

p roperties o f  the scaffold  should  be sim ilar to  those o f  the physio log ica l ex trace llu la r

139



matrix. The incorporation of GAGs into collagen scaffolds has been found to improve 

tissue growth and regeneration over the use o f collagen alone (Hubbell 2003; O 'Brien 

et al. 2005). Nevertheless, limitations surrounding its mechanical stiffness remain as 

the collagen-GAG scaffold does not have the same load-bearing qualities o f bone. To 

mimic natural bone, it is often suggested that a mineral phase similar to 

hydroxyapatite might be added to the collagen-based scaffold (Kanungo et al. 2008) 

to improve the mechanical properties.

Recently, a new scaffold for the regenerative repair o f osteochondral defects has been 

introduced by Orthomimetics Limited, a UK based regenerative medicine company. 

This scaffold was designed to stimulate osteochondral repair in joint surfaces 

damaged by degenerative diseases such as osteoarthritis, trauma or surgery. This 

porous material contains collagen, glycosam inoglycan and calcium phosphate (CaP) 

in a dual-layer format with one layer containing unmineralised collagen-GAG 

(cartilage regenerative layer) and another layer containing mineralised collagen-GAG 

(bone regenerative layer). As the mineralised portion of this material contains a 

similar com position to that of the scaffolds used in this thesis, but with the added 

benefit o f increased strength and stiffness, we thought it appropriate to compare the 

healing response of the osteo part (i.e. the mineralised collagen-GAG layer) o f the 

Orthomimetics product with the current collagen-GAG material to determine whether 

the inclusion of a ceram ic phase added any benefit in the healing response.

Therefore, the purpose of this study was to compare the healing response o f collagen- 

GAG scaffold (results from Chapter 5) with the gold standard clinical bone graft

140



treatment of autogenous bone in addition to a com m ercially available mineralized 

collagen-GAG scaffold.

6.2 Materials & Methods

The study was performed under Irish G overnm ent Licence No. B 100/3494. The 

experimental protocol followed the ethical guidelines for care and use o f laboratory 

animals established by the Departm ent of Health in Ireland and ethical approval was 

granted by the Ethics Committee, Trinity College Dublin. Twenty-four adult W istar 

rats were used in this study. In each animal a standardized, circular, transosseous 

defect, measuring 5 mm in diam eter was created on the parietal calvarial bone using a 

method previously described in section 4.2.2.

The operation sites were rinsed with normal saline and filled with graft material in 

each experimental group as follows;

Group I (n = II)  -  U nm ineralised cell-free collagen-GAG scaffold. The data which 

were obtained in the previous experim ent (chapter 5) were used to represent the 

unm ineralised collagen-GAG scaffold group in the current experiment.

Group 2 {n = 1 2 ) -  Particulate autogenous bone 

Group 3 {n = 12) -  M ineralized collagen-GAG scaffold.

To prepare autogenous bone grafts, the trephined calvarium  was manually ground 

with a # 11 blade and collected in a sterile glass dappen dish. The harvesting of 

particulate autogenous bone resulted in predom inantly cortical bone chips of various 

shapes and sizes (Figure 6.1). The resultant bone particles were then gendy packed in 

the defect.
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Figure 6.1 Auogenous bone chips were collected in a dappen dish and used to fill the
calvarial defect.

The mineralized collagen-GAG scaffolds which were used in this experim ent were 

kindly donated by Orthom im etics Limited (Cambridge, UK). The scaffold was 

developed using collagen-GAG and calcium phosphate (brushite) as described 

elsewhere (Lynn et al. 2004; Lynn and Bonfield 2005; Lynn et al. 2009; Harley et al. 

2009). Briefly, the Collagen-GAG/CaP suspension was produced by com bining 

microfibrillar, type I collagen (1.0 wt %)  isolated from bovine tendon, chondroitin-6- 

sulfate (0.09 wt %) isolated from shark cartilage, and (50 wt %) calcium  salts 

(calcium nitrate and calcium hydroxide) in a solution of phosphoric acid. The scaffold 

samples are of both unmineralised and mineralized layers of collagen-GAG (Figure 

6.2). The unmineralised layer is approximately 1.5-2 mm thick, much thinner than the 

mineralized layer and is easily identifiable. A scalpel was used to rem ove this layer 

prior to preparing material to be implanted.



Unmineralized layer 

Mineralized layer

Figure 6.2 An image of the scaffold produced by Orthomimetics.

According to the manufacturer recommendations, the most satisfactory fitting of the 

mineralized collagen-GAG scaffold in the 5 mm calvarial defect is provided by a 

scaffold of 5 mm in diameter and 4 mm in height. Figure 6.3 summarises the steps of 

optimizing the scaffold dimensions prior to grafting. The scaffold could easily be 

molded into a shape of a bone defect, therefore all experimental bone defects were 

perfectly filled with the material (Figure 6.4).

Biopsy
punch

Forceps to 
rem ove scaffold 

from biopsy 
punchBiopsy punch j 

into scaffold •

Scaffold with both 
layers Excess

material Cut excess 
m aterial

3 4

Use n iler 
to measure 
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Q

Figure 6.3 A diagram illustrates preparation of mineralized scaffold implants.
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Figure 6.4 Mineralized collagen-GAG scaffold placed in rat calvarial defect

Following grafting, the overlaying periosteum was closed using 5.0 Vicryl absorbable 

sutures ( E t h i c o n ™ ^  n J, USA) and skin flaps were closed using Skin staples 

(Autosuture™, Royal™ 35W, USA). Each rat was monitored closely postoperatively 

and antibiotic (Gentamicin, 0.05ml/kg) was administered intramuscularly once daily 

for 5 days postoperatively.

Analgesia was administered post-operatively and subsequently as necessary. For the 

duration of the recovery period, animals were housed in the Bioresources Unit under 

veterinary supervision.

Animals were euthanized with CO2 asphyxiation at 12 weeks after surgery. Block 

sections, including the surgical sites, were removed and fixed in 10% neutral buffered 

formalin (Cellpath Ltd, Newtown, UK). Samples were decalcified in 5% formic acid 

and embedded in paraffin wax as detailed in section 4.2.3.

Wax embedded samples were placed in the microtome (Ernst Leitz Ltd. Germany) 

and 5 |0,m thick coronal sections were serially cut through the centre of the defect.
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Sections were stained with haematoxyHn and eosin as detailed in section 4.2.5 or 

M asson’s trichrome as detailed in section 4.2.6 and exam ined under an optical 

microscope (Olympus Optical Co., Ltd, London EC l Y, United Kingdom).

6.3 Results

All sites healed uneventfully. At the time of recovery, there was no evidence of 

inflammatory responses to the different treatments during the experimental period.

6.3.1 Qualitative histological analysis 

Group I

The healing response to the use of the unm ineralised cell-free collagen-GAG 

scaffolds is detailed in section 5.3.1

Group 2

In anim als that received particulate autogenous bone, the defect was com pletely filled 

by new bone (Figure 6.5). The grafted bone particles did not exhibit signs of 

significant degradation and remnants of grafted chips were evenly distributed within 

the defect area (Figure 6.6b).

Sim ilar to the defect margins, the graft surfaces were lined to a large extent by layers 

o f new bone that bridged the gaps between the particles and connected them to the 

defect walls (Figure 6.6a). The newly formed bone appeared less mature than the 

im planted bone particles, as dem onstrated by the disorganization o f its bone lamellae 

and osteocytes. M ost defects were com pletely filled with bone which exhibited a 

cortical structure close to the surface, and was rather cancellous towards the centre of
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the defect with wide intra-trabecuiar spaces, collagen fibres and blood vessels (Figure 

6.7). Close to the newly formed bone tissue margins and the graft fragments, there 

were numerous osteoblasts characterizing areas with intense bone apposition.

Group 3

Twelve weeks after im plantation of composite mineralized collagen-GAG scaffolds in 

the rat calvarial defect model, light m icroscopy showed minimal signs o f new bone 

formation around the defect margins. In all o f the specimens, the central part o f the 

defect healed with a thin fibrous connective tissue as shown in Figure 6.8 and Figure 

6.9. The fibrous tissue was m oderately vascular with low cellular activity. By the end 

of the healing period, complete scaffold degradation has taken place with no evidence 

o f any scaffold remnants. There was minimal or no sign of inflammatory infiltrates 

throughout the surgical defect

F igu re  6.5 M icrograph exhibiting complete bone bridging in a defect grafted with 
particulate autogenous bone. (H&E stained. Original magnification x l.25).
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Figure 6.6 (a) The dashed hne represents the interface between the old and new bone 
originating from the margins and entrapping the autogenous bone particles (H&E 

stained, original magnification x4). (b) A close-up view of the newly formed bone, 
exhibiting graft particles (1) surrounded by less mature new bone (H&E stained,

original magnification xlO).

Figure 6.7 Bone fragments towards the center of the defect (1) are covered by a 
highly cellular cancellous bone , collagen fibers and blood vessels. Masson’s 

trichrome stained, (a) Original magnification xl.25. (b) Original magnification xlO.
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Figure 6.8 H&E stained micrograph exhibiting iaci( of bone formation in mineralized 
collagen-GAG scaffolds after 12 weeks implantation, (a. original magnification xl.25.

b. original magnification xlO)

500um

Figure 6.9 Masson’s trichrome stained micrograph showing the extent of fibrous 
healing (green) (a. original magnification xl.25. b. original magnification xlO)
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6.3.2 Histomorphometric and statistical analyses

For each animal, the linear bone healing and the mean surface area of new bone with 

each filling material were computed over three representative H&E stained sections. 

A total of 105 sections were quantified. The ANOVA test for variance analysis was 

performed followed by a Tukey HSD Post Hoc test for comparisons to examine 

differences between the groups. Statistical significance was defined as P < 0.5. The 

full set of data is displayed in appendix 6.

1. Linear measurement of percentage of bone healing in the defect:

The results are represented in figure 6.10. After 12 weeks implantation, mineralized 

collagen-GAG scaffold showed the least mean percentage of bone healing of 

29.19(+2.44) %. Similar levels of linear bone healing were found in surgical defects 

that received particulate autogenous bone (94.70(±1.24) %) when compared to the 

unmineralised collagen-GAG scaffolds from chapter 5 (93.52 (±2.42) %.
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Figure 6.10 Percentage bone healing within the defect (Mean + SEM)
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ANOVA revealed a highly significant effect of the group variable (P<0.0(X)1). In 

addition, the test showed significant variation at the animal level (F<0.0001) 

indicating intra-group variation. The data are presented in table 6.1.

Source DF M ean Square F Sig.

Intercept 1 541536.644 9406.102 0.0001

Group 2 48647.027 844.964 0.0001

Animal 11 355.164 6.169 0.0001

Group * Animal 21 366.041 6.358 0.0001

Table 6.1 Effect tests for group and animal (Percentage bone healing within the
defect).

The results of the Tukey HSD Post Hoc test are presented in (table 6.2). No 

significant differences were found between the unniineralised collagen-GAG scaffold 

group and the autogenous bone group (P<0.796). The bone healing in the mineralized 

scaffold group (group 3) was found to be significantly less than the bone healing 

achieved by the other two groups (P<0.0001).

(I) Group (J) Group M ean Difference (I-J) Sig.

1 2 -1.180 0.796

3 64.334 0.0001

2 1 1.180 0.796

3 65.513 0.0001

3 1 -64.334 0.0001

2 -65.513 0.0001

Ba.sed on observed means.
The mean difference is significant at the 0.05 level.

Table 6.2 Statistical differences in percentage of bone healing between groups
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2. Measurement of area of newly formed bone within the defect:

Bone area in the mineralized collagen-GAG scaffolds implanted in a rat calvarial 

defect and left for 12 weeks reached an average of 0.42% (±0.04). On the other hand, 

a higher mean value of bone area was seen in autogenous bone group 1.66(±0.08). 

This was similar to the mean bone area measured in the unmineralised collagen-GAG 

scaffold 1.59(±0.12).
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Figure 6.11 Bone area within the defect (Mean ± SEM)

ANOVA test showed high Statistical significance both at group and animal levels 

(f’<0.0001). The results are displayed in table 6.3.

Source DF Mean Square F Sig.

Intercept 1 153.561 2445.278 0.0001

Group 2 16.512 262.927 0.0001

Animal 11 0.587 9.342 0.0001

Group * Animal 21 0.776 12.365 0.0001

Table 6.3 Effect tests for group and animal (area of newly formed bone)
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The results of the Tukey HSD Post Hoc test are presented in (table 6.4). No 

significant difference was found in the area of newly formed bone in the autogenous 

bone group compared to the unmineralised collagen-GAG scaffold (P<0.544). The 

bone area in the mineralized scaffold group (group 3) was found to be significantly 

less than the bone area achieved by the other two groups (P<0.0001).

(I) Group (J) Group Mean Difference (I-J) Sig.

1 2 -0.064 0.544

3 1.170 0.0001

2 1 0.064 0.544

3 1.234 0.0001

3 1 -1.170 0.0001

2 -1.234 0.0001

Based on observed means.
The mean difference is significant at the .05 level.

Table 6.4 Statistical differences in the area of newly formed bone between groups 

6.4 Discussion

In this study we compared the healing response of unmineralised cell-free collagen- 

GAG scaffold to autogenous bone in a critical size rat calvarial defect. Following 12 

week implantation, comparable results of complete bone healing were obtained using 

both grafts. On the other hand, a commercially available mineralized collagen-GAG 

scaffold failed to help regenerate bone in the defect. Percentage of bone healing and 

bone area within the defect were significantly lower in the mineralized scaffold group 

as compared with those scored when unmineralised collagen-GAG scaffold or 

autogenous bone were used.
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The sites with autogenous bone graft dem onstrated extensive new bone formation 

within the defect. The deposition of woven bone was not only observed on the 

exposed defect walls, but also extensively on the graft surfaces. This confirm ed the 

excellent osteoconductive properties o f autograft. Studies have shown that autogenous 

bone graft gives the best post bone grafting results (Khan et al. 2000). This is based 

on the knowledge that all cells within the autogenous bone graft survive the 

transplantation process. However, unless the osteocytes are within 1 mm or so o f a 

vascular source, all cells within the graft will die (Schenk et al. 1994). In a study on 

m iniature pigs, Buser et al. (1998) compared autogenous bone to DFDBA, tricalcium 

phosphate, and coral-derived hydroxyapatite. After 4 weeks of healing, they found 

that autologous bone graft had the best bone regenerative properties during the initial 

healing period with 39% of newly formed bone inside the m em brane-covered defect.

The particulate grafts have the distinct advantage of being easily molded to the 

contours o f most defects. Buser et al. (1998) attributed the superiority o f autologous 

bone chips firstly to the harvesting technique; preparation and mincing with chisel 

exposes the bone matrix originally covered by the endosteal and endocortical 

envelopes. The exposed surface presents the non-collagenous matrix proteins directly 

to the invading cells and releases promoters for bone formation, such as bone 

m orphogenetic protein and growth factors. This favors adhesion of cells and matrix 

com ponents and stimulates the differentiation of osteoblasts which deposit osteoid 

during the initial stage o f bone repair. Second, particulate grafts offer an extended 

total graft surface with a favorable surface-to-volume ratio.
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Histomorphometrically, the sites with autografts had a mean area of new bone of 

1.66(±0.08) mm^ (including the applied bone grafts). This was statistically 

com parable to the mean bone area formed in the unmineralised collagen-GAG 

scaffold (1.59 +0.12 mm^). It is well known that during bone remodeling, em bedded 

non-vital bone grafts are resorbed by osteoclasts and replaced by lamellar bone 

(Burchardt 1983). However, in the present study, the autografts demonstrated a rather 

low substitution rate following 12 weeks implantation. In the present experim ent we 

have opted to employ the data obtained in the previous study (chapter 5) to represent 

the unmineralised collagen-GAG scaffold. This may be viewed as a limitation. 

However, besides ethical issues such as saving animal lives and reducing pain and 

discom fort o f animals used in implantation studies, the cost of purchase and 

m aintenance of animals was also taken into consideration.

Porous calcium phosphate scaffolds have been shown to promote cellular ingrowth 

and new bone formation when implanted in animals (Nery and Lynch 1978; Nery et 

al. 1978). The use o f a composite material com posed of purified bovine collagen, a 

biphasic calcium-phosphate ceramic, and autogenous marrow was compared with 

autogenous bone graft obtained from the iliac crest for the management of acute 

fractures of long bones (Chapman et al. 1997). Two hundred and thirteen patients 

were followed for a minimum of twenty-four months to monitor healing and the 

occurrence of complications. The authors observed no significant differences between 

the two treatment groups with respect to rates of union and the prevalence of 

complications. On the other hand, in an in vitro experiment, Cheung and Haak (1989) 

reported no evidence of mineralization following 10 weeks of culturing osteoblasts on 

calcium  phosphate scaffolds. Similar findings were reported by Uchida et al. (1987).
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They showed that rodent bone marrow cells grew and form ed a fibrous tissue on 

porous hydroxyapatite and tricalcium phosphate ceramic in vitro.

In the present study the implantation o f a m ineralised collagen-GAG scaffolds in the 

rat calvarial defect resulted in minimal signs o f new bone formation around the defect 

margins whereas the central part o f the defect healed with a thin fibrous connective 

tissue. Nilveus et al. (1978) attribute failures in bone grafting techniques, in part, to 

the loss of bone graft during the initial phase o f healing. In com parison to other 

animal models where bony defects are deep or angular, the defect architecture in the 

calvaria is flat and shallow and the use of a collagen membrane during the initial 

phase of healing has been recommended to prevent loss o f grafted material. 

Nonetheless, complete defect healing was observed w ithout a membrane cover in the 

autogenous bone and unmineralised scaffold groups. Similarly, Mokbel et al. (2008) 

found that covering bovine xenograft particles with a collagen m embrane did not 

enhance bone formation.

Failure of the mineralized scaffold to regenerate bone may also be due to a premature 

degradation of the scaffold. At 12 weeks, remnants o f the mineralized scaffold could 

no longer be detected. In a study by Kose et al. (2004), porous poly(3-hydroxybutyric 

acid-co-3-hydroxyvaleric acid) (PHBV) and calcium  phosphate-loaded collagen 

foams were seeded with rat bone marrow stromal cells and implanted into defects 

created in rat femora to study in vivo bone formation. CaP-loaded collagen implants 

elicited a higher inflammatory response and higher fibrous tissue form ation than 

PHBV constructs at 3 and 6 weeks. The authors attributed the induction o f increased 

inflammatory activity to the rapid degradation o f CaP/collagen implants. The
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degradation properties o f a scaffold are o f crucial importance in the long-term success 

of a tissue-engineered cell-scaffo ld  construction. The rate of degradation may affect 

many cellular processes including cell growth, tissue regeneration, and host response 

(M ikos et al. 1998). The ideal rate of degradation should not exceed the rate of bone 

formation and the reduction of strength o f the implant should closely match the 

increase in tissue strength, otherwise the stresses could be transferred to the healing 

bone, which could be detrimental for bone healing (Fini et al. 1995).

In conclusion, this investigation demonstrated that grafting a 5 mm rat calvarial defect 

with unmineralised collagen-GAG scaffold results in a bone healing comparable to 

that achieved by autogenous bone while a mineralized version of the scaffold failed to 

completely repair the defect.
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Chapter 7

Discussion and conclusions



7.1 Bone tissue engineering

Bone tissue possesses the capacity for regenerative growth and remodelling. 

However, clinical situations arise in which the extent of bone loss or damage due to 

trauma or surgery is so large that complete spontaneous regeneration will not occur. 

Bone grafts are, therefore, necessary to provide support, fill voids, and enhance 

biologic repair of skeletal defects.

Although there are many advantages to using autogenous bone, there are major 

drawbacks to the procedure including harvesting difficulties, post-operative 

continuous pain, blood loss (iliac crest), nerve injuries, risk o f infection, poor 

contouring and significant bone resorption. While allografts and xenografts are 

available in abundance, disease transmission and immunorejection remain substantial 

obstacles to their implementation.

Despite active research in this field, so far no alternative which performs better than 

autografts has been developed (Giannoudis et al. 2005). To overcome the drawbacks 

of the current bone graft materials, cell-based bone tissue engineering has em erged as 

an alternative approach to regenerate bone and has received increasing interest in 

recent years. It combines living osteoprogenitor cells with biomaterial scaffolds in 

vitro to allow the developm ent o f a three-dimensional tissue structure. The basic 

concept of this approach consists o f cell isolation and expansion, followed by a 

reim plantation procedure in com bination with a scaffolding material. Bone 

reconstruction by this technique is thought to be less invasive and safer than 

conventional methods.
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In this project, a bone tissue engineering model using MSCs and collagen GAG 

scaffolds was investigated. The fact that M SCs can be easily isolated and culture 

expanded from bone marrow aspirates, and are capable of differentiating into distinct 

m esenchymal tissues, including bone, makes them an attractive source of 

osteoprogenitor cells for bone reconstruction. The em ploym ent of collagen-GAG 

scaffolds in this research project was based on prior work that was carried out in our 

laboratory (Farrell et al. 2006). The authors of that study examined the ability of the 

scaffold to support the osteogenic differentiation o f murine bone marrow derived 

MSCs in vitro. The results demonstrated that M SCs can undergo osteogenesis 

followed by matrix deposition and mineralisation when grown on the collagen-GAG 

scaffold and stimulated with osteoinductive factors (dexamethasone, ascorbic acid, 

and P-glycerophosphate), as evaluated by the temporal induction of the bone-specific 

proteins, collagen I and osteocalcin and alizarin red and von Kossa staining for 

mineral deposition.

The results by Farrell et al. (2006, 2007) encouraged us to investigate the ability of 

the M SC/collagen-GAG tissue engineered construct to heal a critical sized defect 

using the rat calvarial model. However, a notable finding with collagen-GAG 

scaffolds is that a variety o f connective tissue cell types, including chondrocytes (Lee 

et al. 2000), fibroblasts (Freyman et al. 2001) and osteoblasts (M enard et al. 2000) can 

result in cell-m ediated scaffold contraction in vitro. Because of the contraction of cell- 

seeded scaffolds, changes in the size and microstructure of the implants take place. A 

change in size will cause difficulty in fitting a critical-sized specific implant site, or 

cause separation from the surrounding host tissue (M ueller et al. 1999; Torres et al. 

2000). Furthermore, in vivo deformation of the scaffold could result in a loss of
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contact between the implanted tissue graft and the host tissue, thereby decreasing the 

chances for successful integration of the repair tissue.

7.2 MSC-mediated contraction of collagen-GAG scaffolds

The work presented in chapter 3 evaluated the contraction of MSC-seeded collagen- 

GAG scaffolds during osteogenesis. The aim was to quantify the dimensional changes 

in MSC-seeded collagen-GAG scaffolds during osteogenesis over 4 weeks in culture. 

In addition, we examined if cells originating from different donors resulted in 

different amounts of scaffold contraction.

Three experimental groups were used; non-seeded scaffolds, seeded scaffolds which 

were maintained in standard culture medium, and seeded scaffolds which were 

maintained in osteogenic -  supplemented medium. The results demonstrated that 

while the cell-free control scaffolds displayed a reduction in diameter during the 

culture period, there was a notably greater reduction in the diameter of the scaffolds 

seeded with MSCs (P <  0.0001) indicating the contribution of the cells to contracture. 

The difference in scaffold contraction between the two cell-seeded groups used in this 

experiment was not significant (P < 0.655). Indeed, by the third week the two groups 

showed identical percentages of reduction in scaffold diameter. Culturing MSC- 

seeded scaffolds in the presence of osteoinductive factors, however, appears to have 

resulted in the contraction reaching a plateau by week 3. This might have been due to 

increased scaffold stiffness associated with osteogenesis.

Of note was the finding that cell-seeded scaffolds with different initial diameters 

showed significant variation in the percentage of diameter reduction {P <  0.001). This
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has not been reported before. In the cell-seeded groups, scaffolds with larger 

diameters tended to contract more than the scaffolds with smaller diameters. One 

possible explanation is that scaffolds with larger diameters may have provided more 

surface for the attachm ent o f  contractile cells, thus resulting in increased cell- 

m ediated contraction.

In vivo experiments using bone regenerative constructs are usually designed to 

investigate their capability to repair a critical sized defect o f known dimensions. In 

order to obtain optimum healing, the graft should tightly fit the defect. In tissue 

engineering applications where scaffolds can be maintained in culture for a num ber of 

weeks, the scaffold dim ensions must be optimized so that the size of the end product 

after in vitro culturing m atches the size of the proposed experimental defect. One of 

the objectives o f studying scaffold contraction was to determine what size scaffold 

needed to be seeded in order to end up with a construct big enough to fill a 5 mm rat 

calvarial defect. Based on the results of this experiment, a scaffold with an initial 

diam eter o f 16 mm was chosen. Two observations were taken into account when this 

choice was made; the percentage reduction in scaffold diameter at the end of the 28- 

day culture experim ent of 49.61 (+3.02) % and the non uniform contraction displayed 

by the cell-seeded scaffolds.

An interesting finding in this experim ent was the sim ilar amount o f  contraction o f the 

cell-seeded scaffolds m ediated by cells cultured from different donors. Previous 

studies have raised the question of the effect of the culture conditions on this MSC 

contractile cell phenotype, probably through altering SMA expression in these cells 

(Bonanno et al. 1994; Lee et al. 2000). It is important to note, however, that the

161



culture conditions employed in the current work are those frequently used in methods 

to prepare cell-seeded construct for bone tissue engineering purposes. Furthermore, 

previous work in our laboratory (M cM ahon et al. 2008) has shown that the purity of 

the MSC population used in these experim ents was comparable to that used by others.

7.3 Healing patterns around MSC-seeded collagen-GAG scaffolds in 

vivo

In chapters 4 and 5, the healing patterns around M SC-seeded collagen-GAG scaffolds 

when implanted in a 5 mm rat calvarial defect were investigated. The analysis was 

carried out after 7 days (chapter 4) or 12 weeks (chapter 5). In both experiments, 

anim als were divided into four groups where the calvarial defect was either left em pty 

to serve as a control, grafted with cell-free scaffolds , cell-seeded scaffolds maintained 

in standard culture medium or cell-seeded scaffolds maintained in osteoinductive 

factor-supplem ented medium for 4 weeks prior to implantation.

W hen histological analysis was performed at 7 days following implantation, the 

em pty defect healed with a thin layer of connective fibrous tissue reflecting scarring 

without regeneration or bone formation activity. The defect center was collapsed, with 

the fibrous tissue in the central part o f the defect much thinner than the original 

calvarium. On the other hand, the collagen-GAG scaffold preserved the three 

dimensional form of the defect regardless of being seeded with M SCs or not. The 

m echanical properties of the scaffold were adequate to prevent collapse and 

subsequent impairment of bone regeneration in the defect. This is an extrem ely 

advantageous property for a bone regenerative m aterial where predictable 

modification of a defect or deficiency is required.
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A fter 7 days implantation, the cell-free scaffold maintained its integrity and appeared 

well populated with host cells, with no or minimal inflammatory reaction. The 

previously reported im m unosuppressive properties of glycosaminoglycans may 

provide an explanation for the reduced tissue response against collagen-GAG 

scaffolds (W renshall et al. 1999, Douglas et al. 1997). Furthermore, crosslinking 

native collagen has also been shown to reduce the antigenicity of the material by 

linking the antigenic epitopes rendering them either inaccessible to phagocytosis or 

unrecognizable by the immune system (Hardin-Young et al. 1996). Furthermore, 

crosslinking has been thought to reduce scaffold biodegradability (Pieper et al. 2000).

The cell-seeded scaffolds appeared to have induced more inflammatory response 

com pared to the cell-free scaffold. The inflammation was marked in the internal part 

o f the scaffold that is adjacent to the dura mater with the external part showing no or 

minimal inflammatory infiltrate. The more prominent inflammatory cell infiltrate in 

the cell-seeded groups compared to the cell-free group may be looked at as an 

immune reaction to the cellular com ponent of the graft. This would be contradictory 

to the results o f several reports on the immunosuppressive properties o f MSCs (Di 

Nicola et al. 2002; Le Blanc et al. 2003; Javazon et al. 2004).

In the cell-seeded groups following 7 days implantation, areas of newly formed bone 

were evident, although mainly restricted to the inflamed part o f the scaffold. Areas of 

blood vessel regeneration throughout the scaffold were also evident. The increased 

vascularity in the inflamed part would be expected as part of the inflammatory 

response. Since the increased vascularity in the external part was unrelated to 

inflammation, it may have been induced by the scaffold/cell construct. Angiogenesis
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is one of the m ost im portant factors for bone formation (Ryan et al. 2005). Bone 

marrow derived stem cells may have played a role in the formation of new blood 

vessels within the implanted scaffold. Asahara et al. (1997) reported that following 

traum a and in response to tissue ischemia and cytokines, bone m arrow derived stem 

cells are recruited to the circulation. Further evidence shows that they may, then, 

contribute to vascular healing and neoangiogenesis (Asahara et al. 1999; Rajantie et 

al. 2004).

In chapter 5, these findings were substantiated in a longer term, 12 week, in vivo 

experiment. The aim was to assess the ability of M SC-seeded collagen-GAG scaffolds 

that were pre-cultured in vitro for 4 weeks to regenerate bone tissue in a 5 mm rat 

calvarial defect.

In the control group, where the defects were left empty, loose fibrous connective 

tissue occupied the defects in most of the specimens with no bony bridging occurred. 

This dem onstrated that 5 mm calvarial defect was o f critical sized defect (non healing 

within the length of the study). This is in line with the results o f several previous 

studies (Bosch et al. 1998; Donos et al. 2004; Furlaneto e t al. 2007; Sawyer et al. 

2009).

The defects that were augm ented with cell-free scaffolds showed significantly more 

new bone form ation than the other groups, both in terms of bone area and bony 

bridging of the defect. The newly form ed bone appeared well integrated with the host 

bone. In chapter 4, the results dem onstrated the tissue com patibility and the ability of 

cell-free collagen-GAG to provide a scaffold which allows infiltration of host cells
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following 7 days implantation. Its full mineralization after 12 weeks of implantation is 

a further proof o f its osteoconductive properties. The scaffold appeared completely 

degraded and replaced by new bone which is an extrem ely important property of 

scaffolds used for bone regeneration. According to our knowledge, this is the first 

demonstration of the ability o f the collagen-GAG scaffold to facilitate bone 

regeneration and healing in an in vivo setting.

Following 12 weeks implantation, the cell-seeded scaffolds showed greater new bone 

formation than the empty defect group but significantly less than the cell-free 

scaffold. Islands of newly form ed bone immersed in loose fibrous connective tissue 

were distributed throughout the defect but complete bony bridging was not seen in 

most of the animals. At the edge of the defect, some specimens displayed bone 

formation with direct contact to host bone. In other areas, there was a layer of soft 

tissue between the graft and host bone. Interestingly, comparable levels o f new bone 

were produced by M SC-seeded scaffolds that were pre-cultured in standard culture 

medium and those pre-cultured in the presence of osteoinductive factors.

The findings of our previously described in vitro (chapter 3) and in vivo  (chapter 4) 

experim ents may provide an explanation for the lack of continuous bony bridging of 

the defects grafted with M SC-seeded scaffolds. In particular, inflammation induced 

initially after scaffold implantation has been linked with unsuccessful engraftment of 

tissue-engineering constructs (Sung et al. 2004; Laschke et al. 2005). A foreign body 

reaction to the implanted M SC-seeded scaffold may have resulted in premature 

scaffold degradation (M eikle et al. 1994). If degradation is too rapid, osteoblasts will 

be deprived of a surface on which to migrate and secrete bone matrix, the result being
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fibrous repair rather than osseous regeneration. To ensure that optimal healing and 

incorporation results, the augm entation material must not generate a specific immune 

response o f the host cells, with initiation of chemotaxis, activation and proliferation 

(Ericsson et al. 1995).

Cell mediated contraction is another possible explanation for the interrupted pattern of 

bone formation in M SC-seeded scaffolds. Because of the contraction of cell-seeded 

scaffolds, changes in the size and m icrostructure o f the implants take place frequently. 

Cell-m ediated contraction can collapse the pores o f the scaffold, thereby possibly 

affecting cell migration and proliferation and the flow of nutrients. For instance, the 

issue of core degradation, arising from lack of nutrient delivery and waste removal 

from the centre of tissue engineered constructs is of major concern in the field of 

tissue engineering (Kelly and Prendergast 2004).

Cell mediated contraction can distort the shape of the construct (Lee et al. 2000; Ma et 

al. 2004). A change in size will cause difficulty in fitting a specific implant site, or 

cause separation from the surrounding tissue host (M ueller et al. 1999; Torres et al. 

2000). Furthermore, in vivo deform ation of the scaffold could result in a loss of 

contact between the implanted device and the host tissue, thereby decreasing the 

chances for successful integration of the repair tissue.

7.4 Collagen-GAG scaffold vs autogenous bone

The purpose of the work presented in chapter 6 was to com pare the healing response 

o f collagen-GAG scaffold in a critical size rat calvarial defect (results from Chapter 5)
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with the gold standard clinical bone graft treatment o f autogenous bone and with a 

com m ercially available m ineralized collagen-GAG scaffold.

12 weeks after implantation, the results dem onstrated that the unm ineralised cell-free 

collagen-GAG scaffold facilitated bony healing of the defect sim ilar to autogenous 

bone. No significant differences between the two groups were find when the linear 

bony healing in the defect (P<0.796) and the mean area o f new bone (P<0.544) were 

measured. On the other hand, the bone healing in the mineralized scaffold group was 

found to be significantly less than the bone healing achieved by the other two groups 

(f ’<0.0001). Similarly, the bone area in the mineralized scaffold group was found to 

be significantly less than the bone area achieved by the other two groups ( /’<0.()001).

In this study, the implantation of autogenous bone graft generated extensive new bone 

formation within the defect. The deposition o f woven bone was not only observed on 

the exposed defect walls, but also extensively on the graft surfaces. This confirm ed 

the excellent osteoconductive properties o f autograft dem onstrated in several studies 

(Schenk et al. 1994; Khan et al. 2000). However, in the present study, the autografts 

dem onstrated a rather low substitution rate following 12 weeks im plantation as 

remnants o f grafted chips were distributed within the defect area.

In the present study the implantation o f a mineralised collagen-GAG scaffolds in the 

rat calvarial defect resulted in minimal signs of new bone formation around the defect 

margins whereas, the central part of the defect healed with a thin fibrous connective 

tissue. Failure of the mineralized scaffold to regenerate bone may be due to a 

premature degradation of the scaffold. At 12 weeks, remnants o f the mineralized
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scaffold could no longer be detected. In a study by Kose et al. (2004), porous poly(3- 

hydroxybutyric acid-co-3-hydroxyvaleric acid) (PHBV) and calcium  phosphate- 

loaded collagen foams were seeded with rat bone m arrow stromal cells and implanted 

into defects created in rat fem ora to study in vivo  bone formation. CaP-loaded 

collagen implants elicited a higher inflammatory response and higher fibrous tissue 

form ation than PHBV constructs at 3 and 6 weeks. The authors attributed the 

induction of increased inflam m atory activity to the rapid degradation of CaP/collagen 

implants.

7.5 Conclusions

This research has dem onstrated that cell-free collagen-GAG scaffold is capable of 

repairing a 5 mm rat calvarial defect. The scaffold showed favorable osteoconductive 

properties, biocom patibiiity and degradability. Furthermore, it resulted in bone 

healing com parable to that achieved by autogenous bone, the gold standard bone 

graft. On the other hand, a commercially available m ineralized version o f the scaffold 

failed to com pletely repair the defect.

This work also showed that using precultured M SC-seeded collagen-GAG scaffolds 

resulted in incom plete healing of the defect when com pared to a cell-free scaffold. 

This finding em phasises the need to determine the precise role o f implanted vital cells 

in the m ineralization process and what role, if any, the implanted cells play in the 

induction of m ineralization in vivo.

The results o f the in vitro experim ent showed that culturing M SC-seeded collagen- 

GAG scaffolds in an osteoinductive factor-supplem ented medium results in the
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contraction o f the scaffold. The amount o f contraction was comparable to that 

occurred when the scaffolds were cultured in standard medium. The results also 

showed that scaffolds with larger diameters tend to contract more than the scaffolds 

with sm aller diameters. In addition, sim ilar levels o f scaffold contraction were 

reached when the seeded cells were isolated from different donors. The findings of 

this experim ent provide new information on the process of cell-mediated contraction 

o f M SC-seeded collagen-GAG scaffolds during osteogenesis. These data may be of 

importance in predicting the final dimensions of tissue engineered collagen scaffolds 

for bone repair.

7.6 Limitations and future work

The ultimate goal o f bone tissue engineering is to develop techniques to aid the repair 

defects in load bearing bones. Therefore, one may question the relevance or 

significance of using a non load bearing rat calvarial defect model. W hile the results 

are very encouraging, the calvarial defect undergoes minimal loading in vivo and the 

drawback of collagen-based scaffolds is its poor m echanical strength which may be 

problematic for bone tissue engineering if the scaffolds are required for load bearing 

applications in, for example, long bone defects.

A limitation of this work is that the M SCs used were not labelled and thus could not 

be distinguished from the infiltrating host derived cells. As such, the possibility that 

the newly formed bone in the cell-seeded scaffolds was laid by the infiltrating host 

derived cells cannot be ruled out. Our research group have recently developed a 

technique to label cells in the scaffold (Farrell et al. 2008) and it is our intention to 

employ it in future work.
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T he ce ll-seeded  scaffo lds used in this w ork w ere cu ltu red  in static cultu re conditions. 

A  real situation  in the assessm en t o f  the su itab ility  o f  scaffo lds to be used in bone 

tissue eng ineering  has to do w ith  specific i?i vitro  ca lc ium  deposition  on the top and 

bottom  o f the scaffold, w hen using static cu ltu re conditions, instead o f  being 

th roughou t the structure (G om es et al. 2003; M einel et al. 2004a). A  better cell 

d istribu tion  and, consequently , un iform ity  o f  m ineralisation  (G om es et al. 2003; 

M einel et al. 2004b) as w ell as the orien tation  o f  bone m atrix  (M einel et al. 2004b), 

a lthough  restric ted  by the in terconnectiv ity  degree o f  the scaffo ld , cou ld  be achieved 

under a flow  environm ent. C ultu ring  ce ll-seeded  scaffo lds using b ioreactors is now  

being actively  researched  in our laboratory  (Jaasm a and O 'B rien  2008; 

Jung reu thm ayer et al. 2009).

T he resu lts have presen ted  new  research  questions w hich suggest several research  

d irec tions to fo llow  as ou tlined  below:

(i) To fu rther investigate w ays to im prove the scaffo ld  p roperties in o rder to 

reduce its con tractility  and thus avoid  any po ten tia l restric tion  o f  cellu lar 

activity.

(ii) Im proving  the m echanical properties o f  the scaffo ld  to allow  use in load 

bearing  defects.

(iii) E m ploy  techn iques that a llow  labelling  M SC s and  effic ien t cell tracking 

fo r long te rm  in vivo  experim ents.

(iv) To sw itch  to  hum an M SC s to  determ ine if  hum an cells respond  in a sim ilar 

m anner w hen exposed  to m echanical and biochem ical factors to  induce 

d ifferen tia tion .
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Appendix 3.1 Full set of data showing percentage reduction of scaffold diameter per 
group, time in culture and initial diameter

Group

Time
in

culture
(week)

Original
area Final area Original

diameter
Final

diameter

Percentage
reduction

in
diameter

Percentage
cell

mediated
reduction

in
diameter

1 1 28.26 20.26 6 5.08 15.33 0
1 1 28.26 21.88 6 5.28 12.00 0
1 1 28.26 22.05 6 5.3 11.67 0
1 2 28.26 18.77 6 4.89 18.50 0
1 2 28.26 18.31 6 4.83 19.50 0
1 2 28.26 20.74 6 5.14 14.33 0
1 3 28.26 18.39 6 4.84 19.33 0
1 3 28.26 17.49 6 4.72 21.33 0
1 3 28.26 16.18 6 4.54 24.33 0
1 4 28.26 16.76 6 4.62 23.00 0
1 4 28.26 16.54 6 4.59 23.50 0
1 4 28.26 16.39 6 4.57 23.83 0
1 1 78.5 66.30 10 9.19 8.10 0
1 1 78.5 68.33 10 9.33 6.70 0
1 1 78.5 64.15 10 9.04 9.60 0
1 2 78.5 57.39 10 8.55 14.50 0
1 2 78.5 58.33 10 8.62 13.80 0
1 2 78.5 58.46 10 8.63 13.70 0
1 3 78.5 54.86 10 8.36 16.40 0
1 3 78.5 57.92 10 8.59 14.10 0
1 3 78.5 55.13 10 8.38 16.20 0
1 4 78.5 51.25 10 8.08 19.20 0
1 4 78.5 51.50 10 8.1 19.00 0
1 4 78.5 51.12 10 8.07 19.30 0
1 1 132.665 117.99 13 12.26 5.69 0
1 1 132.665 118.96 13 12.31 5.31 0
1 1 132.665 109.67 13 11.82 9.08 0
1 2 132.665 102.74 13 11.44 12.00 0
1 2 132.665 106.54 13 11.65 10.38 0
1 2 132.665 105.63 13 11.6 10.77 0
1 3 132.665 98.47 13 11.2 13.85 0
1 3 132.665 98.47 13 11.2 13.85 0
1 3 132.665 87.37 13 10.55 18.85 0
1 4 132.665 88.37 13 10.61 18.38 0
1 4 132.665 89.54 13 10.68 17.85 0
1 4 132.665 79.60 13 10.07 22.54 0
1 1 200.96 150.15 16 13.83 13.56 0
1 1 200.96 167.56 16 14.61 8.69 0
1 1 200.96 155.18 16 14.06 12.13 0
1 2 200.96 132.05 16 12.97 18.94 0
1 2 200.96 156.29 16 14.11 11.81 0
1 2 200.96 141.38 16 13.42 16.13 0
1 3 200.96 130.02 16 12.87 19.56 0
1 3 200.96 144.55 16 13.57 15.19 0
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1 3 200.96 130.63 16 12.9 19.38 0
1 4 200.96 113.79 16 12.04 24.75 0
1 4 200.96 129.82 16 12.86 19.63 0
1 4 200.96 115.69 16 12.14 24.13 0
2 1 28.26 20.02 6 5.05 15.83 I
2 1 28.26 19.63 6 5 16.67 5
2 1 28.26 19.78 6 5.02 16.33 5
2 2 28.26 16.97 6 4.65 22.50 4
2 2 28.26 18.09 6 4.8 20.00 1
2 2 28.26 17.12 6 4.67 22.17 8
2 3 28.26 13.13 6 4.09 31.83 13
2 3 28.26 12.12 6 3.93 34.50 13
2 3 28.26 12.00 6 3.91 34.83 11
2 4 28.26 9.29 6 3.44 42.67 20
2 4 28.26 9.62 6 3,5 41.67 18
2 4 28.26 8.34 6 3.26 45.67 22
2 1 78.5 61.90 10 8.88 11.20 3
2 1 78.5 64.29 10 9.05 9.50 3
2 1 78.5 64.01 10 9.03 9.70 0
2 2 78.5 47.27 10 7.76 22.40 8
2 2 78.5 50.24 10 8 20.00 6
2 2 78.5 51.25 10 8.08 19.20 6
2 3 78.5 40.92 10 7.22 27.80 11
2 3 78.5 37.92 10 6.95 30.50 16
2 3 78.5 40.47 10 7.18 28.20 12
2 4 78.5 26.96 10 5.86 41.40 22
2 4 78.5 25.33 10 5.68 43.20 24
2 4 78.5 27.33 10 5.9 41,00 22
2 1 132.665 78.50 13 10 23,08 17
2 1 132.665 87.54 13 10.56 18,77 13
2 1 132.665 81.19 13 10.17 21,77 13
2 2 132.665 59.55 13 8.71 33.00 21
2 2 132.665 61.90 13 8.88 31.69 21
2 2 132.665 54.99 13 8.37 35.62 25
2 3 132.665 34.19 13 6.6 49.23 35
2 3 132.665 38.47 13 7 46.15 32
2 3 132.665 34.92 13 6.67 48,69 30
2 4 132.665 18.92 13 4.91 62,23 44
2 4 132.665 21.88 13 5.28 59,38 42
2 4 132.665 19.78 13 5,02 61,38 39
2 1 200.96 135.13 16 13.12 18,00 4
2 1 200.96 131.65 16 12,95 19,06 10
2 1 200.96 133.89 16 13,06 18,38 6
2 2 200.96 129.22 16 12,83 19,81 1
2 2 200.96 111.16 16 11,9 25.63 14
2 2 200.96 105.99 16 11.62 27.38 11
2 3 200.96 87.04 16 10.53 34.19 15
2 3 200.96 80.87 16 10.15 36.56 21
2 3 200.96 68.33 16 9.33 41.69 22
2 4 200.96 57.79 16 8.58 46.38 22
2 4 200.96 50.87 16 8.05 49.69 30
2 4 200.96 41.38 16 7.26 54.63 31
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3 1 28.26 20.10 6 5.06 15.67 0
3 1 28.26 21.80 6 5.27 12.17 0
3 1 28.26 20.26 6 5.08 15.33 4
3 2 28.26 18.54 6 4.86 19.00 0
3 2 28.26 18.16 6 4.81 19.83 0
3 2 28.26 15.27 6 4.41 26.50 12
3 3 28.26 15.69 6 4.47 25.50 6
3 3 28.26 14.92 6 4.36 27,33 6
3 3 28.26 11.10 6 3.76 37,33 13
3 4 28.26 14.79 6 4.34 27,67 5
3 4 28.26 13.32 6 4.12 31,33 8
3 4 28.26 9.51 6 3.48 42.00 18
3 1 78.5 52,01 10 8.14 18.60 11
3 1 78.5 60.93 10 8.81 11.90 5
3 1 78.5 60.65 10 8,79 12.10 3
3 2 78.5 38.91 10 7,04 29.60 15
3 2 78.5 46.66 10 7,71 22.90 9
3 2 78.5 50.37 10 8,01 19.90 6
3 3 78.5 31.06 10 6.29 37.10 21
3 3 78.5 39.80 10 7.12 28.80 15
3 3 78.5 40.92 10 7.22 27.80 12
3 4 78.5 20.98 10 5.17 48,30 29
3 4 78.5 29.69 10 6.15 38,50 20
3 4 78.5 32.35 10 6.42 35,80 17
3 1 132.665 72,04 13 9.58 26.31 21
3 1 132,665 76,01 13 9,84 24.31 19
3 1 132.665 78.03 13 9.97 23.31 14
3 2 132.665 55.39 13 8.4 35.38 23
3 2 132.665 53.82 13 8.28 36.31 26
3 2 132.665 51.50 13 8.1 37.69 27
3 3 132.665 44.75 13 7.55 41.92 28
3 3 132.665 37.81 13 6.94 46.62 33
3 3 132.665 36.83 13 6.85 47.31 28
3 4 132.665 33.17 13 6.5 50.00 32
3 4 132.665 27.79 13 5.95 54.23 36
3 4 132.665 27.51 13 5.92 54.46 32
3 1 200.96 114.36 16 12.07 24.56 11
3 1 200.96 111.16 16 11.9 25.63 17
3 1 200.96 119.34 16 12.33 22.94 11
3 2 200.96 84.91 16 10.4 35.00 16
3 2 200.96 71.59 16 9.55 40.31 29
3 2 200.96 79.60 16 10.07 37.06 21
3 3 200.96 67.17 16 9.25 42.19 23
3 3 200.96 59.83 16 8.73 45.44 30
3 3 200.96 75.70 16 9.82 38.63 19
3 4 200.96 60.38 16 8.77 45.19 20
3 4 200,96 40.02 16 7.14 55.38 36
3 4 200.96 53.82 16 8.28 48.25 24

Group 1 Cell-free scaffolds (control)
Group 1 MSC-seeded scaffolds that were maintained in standard culture medium. 
Group 2 MSC- seeded scaffolds that were maintained in osteoinductive factor-
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supplemented medium. 
Appendix 3.2 Full set of data showing percentage reduction of scaffold diameter per 

cell donor and group

Animal Group
original
diameter

Final
diam eter

Percentagere 
duction in 
diam eter

1 1 16 7.78 51.375
1 1 16 8.33 47.94
1 1 16 7.39 53.81
1 1 16 8.27 48.31
1 2 16 7.61 52.44
1 2 16 8.11 49.31
1 2 16 7.34 54.125
1 2 16 7.01 56.19
2 1 16 7.09 55.69
2 1 16 7.97 50.19
2 1 16 8.93 44.19
2 1 16 8.03 49.81
2 2 16 7.39 53.81
2 2 16 8.68 45.75
2 2 16 8.22 48.62
2 2 16 - -

3 1 16 6.95 56.56
3 1 16 7.93 50.44
3 1 16 7.66 52.125
3 1 16 7.82 51.125
3 2 16 8.17 48.94
3 2 16 7.01 56,19
3 2 16 7.95 50.31
3 2 16 7.73 51.68
4 1 16 7.79 51.31
4 1 16 8.03 49.81
4 1 16 7.57 52.68
4 I 16 7.53 52.94
4 2 16 7.74 51.62
4 2 16 7,96 50.25
4 2 16 7.7 51.87
4 2 16 7.95 50.31
5 1 16 8.31 48.06
5 1 16 7.82 51.125
5 1 16 7.88 50.75
5 1 16 8.4 47,5
5 2 16 7.62 52.37
5 2 16 8.39 47.56
5 2 16 7.65 52.19
5 2 16 8.25 48.44

Group 1 MSC-seeded scaffolds that were maintained in standard culture medium. 
Group 2 MSC- seeded scaffolds that were maintained in osteoinductive factor- 

supplemented medium.
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