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ABSTRACT

The aims of this study were: (1) to extract growth factor activity from bovine bone; (2) 

test in vitro the feasibility of using a 50:50 poly DL-Lactide-co-glycolide polymer 

Molecular weight (mw) 9000 as a delivery vehicle for bone-derived growth factors; and 

(3) to test the performance of the bone implant material in vivo.

Growth factor activity was extracted from bovine cortical bone with ETDA/Tris-HCl 

under non-dissociative conditions. Assays with BALB/c/3T3 and MC3T3-E1 cells demon

strated that the bone matrix extract (BMX) contained non-specific growth factor and bone 

morphogenetic protein activity. BMX was then incorporated into the polymer to form 

implant discs and incubated for 5 weeks; 60-75% of the biological activity was released 

during the first week. Scanning electron microscopy revealed the development of signi

ficant internal porosity by 2  weeks.

Implant discs were inserted into 5 mm calvarial defects in NZW rabbits. After four 

weeks the discs showed advanced disintegration with little polymer matrix evident; 

osseous regeneration was variable, although in some animals bone with normal cancellous 

architecture had bridged the defect. Bone was never observed in intimate contact with the 

polymer matrix suggesting that the material had acted as a tissue spacer and not as an 

osteoconductive substrate. Non-osseous tissue comprised a vascular fibrous connective 

tissue with a variable number of inflammatory cells; these were MHC class II positive 

indicating the polymer had provoked a foreign body reaction. The implantation of 

polymer-BMX discs elicited a cellular and humoral immune response which had a pro

found inhibitory effect on osteogenesis. Histologically, the calvarial defect implanted with 

polymer plus BMX contained half the bone compared to polymer alone.

These data suggest that although the synthetic polymer has potential as a bone graft repl

acement material, improvements in biocompatibility and osteoconductivity are required 

before contemplating their use clinically.
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1.0 INTRODUCTION

The restoration of osseous defects represents a problem inherent to many dental and 

medical specialities including maxillofacial, orthopaedic and reconstructive surgery. Over 

the years various bone transplants and implants have been used with varying success to 

fill defects in bone, facilitate fracture healing, and aid in reconstruction of bone 

deformities.

The first recorded bone graft was described by the Dutch surgeon Job van Meekeren in 

1662, who reported the repair of traumatic defect in a skull of a Russian soldier with a 

piece of canine calvarium. The first clinical autograft was performed in 1821 by Philip 

von Walter although his patient eventually developed osteomyelitis. In 1880 William 

Macewen carried out the first human allograft by reconstructing an infected humerus of 

a 4-year old boy with a graft obtained from the tibia of a child with rickets. However, 

it was following the work of Albee (1915), who pioneered the use of autogenous bone, 

particularly in patients with osteomyelitis, that transplantation surgery became an establis

hed procedure.

Nicholas Senn (1889) had shown decalcified bone to have osteogenic properties by 

repairing a canine cranial defect with antiseptic decalcified bone prepared from ox tibiae. 

Osteogenic induction was further investigated by Huggins (1931) who demonstrated that 

urinary transitional epithelium could induce the formation of bone when transplanted into 

certain extra-skeletal sites such as muscle. Lacroix (1945) reported that an alcoholic 

extract prepared from the cartilaginous epiphyses of newborn rabbits induced cartilage 

and bone formation when injected into the thigh muscles of other rabbits; he called this 

biological activity osteogenin. The work of Urist and colleagues who implanted deminera

lized bone subcutaneously in rodents suggested that a chemical mediator present in bone 

could induce bone formation by recruitment of cells with osteogenic potential. These 

observations initiated the search for a factor or factors called bone morphogenetic protein 

(BMP) and which culminated in the discovery of seven different BMPs (Wang et al, 

1988; Wozney et al, 1992) some of which have osteogenic potential.

During the past two decades the clinical management of skeletal defects has evolved 

significantly, but the treatment of choice remains autogenous transplantation, the gold 

standard against which alternatives are compared. This is because autogenous bone does 

not evoke an immunological reaction and has high osteogenic potency. However, 

autografts do have limitations; the amount of bone available for transplantation is limited, 

especially in children, and the harvesting operation carries the risk of post-operative
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complications, in some instances of greater magnitude than the primary procedure itself. 

As a consequence, a number of alternative materials have been investigated as potential 

bone replacement materials. Allogeneic bone has been successfully used in osseous 

reconstruction (Glowacki et al, 1981a,b; Kaban et al, 1982; 1984) and shown to have 

several advantages over autogenous bone including avoidance of a harvesting operation, 

ease of manipulation, and potentially unlimited material in banked form. Nevertheless, 

bone banking is complex procedure; donor selection, screening, procurement and storage 

are time consuming and expensive (Tomford et al, 1983). Moreover, the potential 

transmission of infections such as hepatitis, AIDS and Creutzfeldt-Jacob disease raises 

doubts about its future.

Alloplastic materials such as hydroxyapatite (HA) and collagen-HA composites have been 

used as bone substitutes (Jarcho, 1981; Holmes and Hager, 1987). Implants of this type, 

however, do not appear to induce significant osteogenesis and function more as inert 

biocompatible filler materials; HA also has a tendency to migrate. More promising 

materials would appear to be synthetic polymers such as the poly(a-hydroxy acids), 

poly (lactic acid) (PLA) and poly (glycolic acid) (PGA). Originally formulated as biode

gradable, biocompatable suture materials (Kulkami et al, 1971), they have been used ex

perimentally for osseous repair as either homopolymers, copolymers or composites with 

HA (Hollinger, 1983; Higashi et al, 1986). These materials behave as osteoconductive 

substrates providing a scaffold onto which vascular and bone cells can migrate but are 

not inherently osteoinductive. The incorporation of osteoinductive growth factors into 

these polymers thus represents the next logical step towards the development of a reliable 

alternative to autogenous bone.

12
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2.1 BONE GROWTH FACTORS.

The process of bone regeneration whether occurring naturally or in association with any 

bone replacement material involves the participation of small molecular weight poly

peptides known as growth factors, and the extracellular matrix of bone is an abundant 

source of such factors (Hauschka et al, 1986; Canalis et al, 1988). These are produced 

locally by osteoblastic cells as well as being sequestrated in the matrix from extraskeletal 

sites. Growth factors have autocrine and paracrine effects and their biological activity 

depends upon precise modes of release and presentation to responsive cells. Bone is a 

reservoir of growth factors with both resorptive and osteoinductive functions, and an 

understanding of their activity is important when attempting to induce osteogenesis. Table 

1  gives a brief summary of known bone growth factors.

Transforming growth factor

Transforming growth factors (TGFs) are dimeric molecules (Mr 25,000) consisting of two 

polypeptide chains joined by disulphide bonds (Massagué, 1985; Massagué et al, 1987) 

and exist in two forms, TGF-o: and TGF-/?. TGF-j3 was discovered and named for its 

ability to promote anchorage-independent colonies of normal rat kidney fibroblasts (NRK- 

49F) in soft agar suspension in the presence of epidermal growth factor (EGF); TGF-a 

in contrast does not require EGF for stimulation of rat kidney fibroblasts. TGF-a and 

EGF share significant amino acid sequence homology and the same biological activities 

(Centrella and Canalis, 1985).

Osteoblasts are the major source of TGF-h in bone (Seyedin et al, 1986), the secretion 

of which is increased by parathyroid hormone PTH, (Pfeilschifter and Mundy, 1987) and

1,25-dihydroxy-vitamin D3  (l,25-(OH)2 D̂ ; Petkovitch et al, 1987). Several isoforms of 

TGF-/3 have been identified. TGF-Bi and TGF-B2 have identical subunits and have been 

found in bone matrix and bone cultures (Centrella and Canalis, 1985; Seyedin et al,

1986). TGF-B3 identified by cDNA characterization (Dijke et al, 1988) shares 80% 

sequence identity with TGF-Bi and TGF-B2, while TGF-B4 has been shown to have 82%, 

64% and 71 % identity with the amino acid sequences of TGF-Bj, -B2, and -B3 respectively 

(Mohan and Bay link, 1991).
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Table 1. Growth Factors involved in bone remodelling.

Factors Mr Origin 
(kDa)

Other Names

Bone Derived 
Growth factor

11 Skeletal Cells 
Bone Matrix

fi-2 Microglobulin

acidic-Fibroblast 
Growth Factor (FGF-1)

basic-Fibroblast 
Growth Factor (FGF-2)

Bone Morphogenetic 
Proteins (1-8)

Insulin-like 
Growth Factor-/

14-18 Bone Matrix

16 Cartilage

18-39 Bone Matrix 
Liver

Skeletal Cells 
Cartilage 
Bone Matrix

Bone Derived Growth 
Factor II (BDGF H)

BMP-3 (Osteogenin)
BMP-7 (Osteogenic protein-1) 
BMP- 8  (Osteogenic protein-2)

Somatomedin C

Insulin-like 
Growth Factor-//

Platelet Derived 
Growth Factor-1

Bone Matrix

14-18 Blood Cells 
Bone Matrix 
Skeletal Cells

Somatomedin A 
Skeletal growth factor

Platelet Derived 
Growth Factor-2

16 Blood Cells

Transforming Growth 
Growth Factor-o!

5-8 Blood Cells 
Skeletal Cells

Transforming Growth 
Factor-jS

25 Blood Cells 
Bone Matrix 
Skeletal Cells

Cartilage Inducing 
Factor A
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In the skeleton TGF-B in conjunction with other growth factors is thought to be important 

in bone formation; cells of the osteoblast lineage have receptors for TGF- 6  (Robey et al, 

1987) and are amongst the most sensitive to its mitogenic activity. TGF-Bj increases non- 

collagenous and collagenous protein synthesis by human bone cells (Hock et at, 1990; 

Wergedel et al, 1990). It also regulates collagen synthesis by post-transcriptional 

mechanisms (Centrella et al, 1987).

The osteoinductive activity of BMP-2 and-3 have been shown to be substantially enhanced 

in the presence of TGF-B, or (Bentz et al, 1989; 1991). TGF-j3 has been shown to be 

important in the regulation of fracture repair (Joyce et al, 1990) and is expressed during 

the three stages of fracture healing. TGF-j3 stimulates mesenchymal cell proli-feration and 

differentiation into both osteoblasts and chondrocytes leading to bone matrix formation 

in vivo (Joyce et al, 1989). MacDonald et al (1986) reported that TGF-B inhibited the 

formation of multinucleated osteoclast-like cells in human cultures. However, TGF-a has 

been shown to stimulate osteoclastic bone resorption in vitro (Takahashi et al, 1986a).

Fibroblast growth factor

Although originally isolated from the central nervous system (Gospodarowicz, 1974; 

Gospodarowicz et al, 1991) fibroblast growth factors (FGFs) are among the most 

abundant growth factors in bone. The FGF family currently consists of seven members, 

designated FGF-1 through to FGF-7; acidic FGF and basic FGF are now known as FGF- 

1 and FGF-2 respectively, and keratinocyte growth factor (KGF) as FGF-7 (Burgess and 

Maciag, 1989; Gospodarowicz, 1991).

FGF-2 is a 146-amino acid polypeptide (M̂  18 kDa) which shows 55% amino acid homo

logy with FGF-1 (16-18 kDa); (Gimenez-Gallego et al, 1985; Burgess and Maciag, 

1989). It belongs to the cationic class of heparin-binding growth factors (Esch et al, 

1985) and has been identified in bovine bone (Hauschka et al, 1986; Bay link et al, 1990) 

and cultured bovine bone cells (Globus et al, 1988). FGF-1 is also present in bone cell 

extracts, but at a ten-fold lower concentration than FGF-2 (Burgess and Maciag, 1989). 

Both have similar biological activities and appear to mediate their effects via binding to 

a common cell receptor (Neufeld and Gospodarowicz, 1986). In bone cultures FGF-1 and 

-2 stimulate DNA synthesis, cell proliferation and increased production of type 1 collagen 

and non-collagenous proteins by osteoblasts (Canalis et al, 1985; 1987b; Rodan et al,

1987). Both molecules have also been shown to increase osteocalcin production and 

decrease alkaline phosphatase activity by cultured osteoblastic cells (Gospodarowicz,
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1991).

Physiologically FGF-1 and FGF-2 are thought to be of importance in wound healing and 

bone repair because of their stimulatory effect on neovascularization (angiogenesis), their 

mitogenic effect and widespread distribution (Gospodarowicz, 1987; Gospodarowicz,

1991).

There has been less work performed on the other members of the FGF family; FGF-4 

has potent transforming potential (Theillet et al, 1989), through an apparently autocrine 

mechanism (Hebert et al, 1991), and is a potent angiogenic factor (Yoshida et al, 1991); 

FGF-5 is expressed in multiple regions of mammalian embryos (Bates, 1991). It shows 

mitogenic activity for fibroblasts and endothelial cells (Coulier et al, 1994); FGF- 6  is 

mitogenic and transforming for Balb/c/3T3 cells, but only slightly active towards 

endothelial cells (Pizette et al, 1991); FGF-7 was originally isolated from embryonic 

fibroblasts, but is synthesised primarily in mesenchymal cell lines (reviewed by Aaronson 

et al, 1991). Human FGF-7 is a 28 kDa heparin-binding glycoprotein (Rubin et al,

1989), which is active on either human or mouse cell lines (Balb/MK kératinocytes) and 

has been shown to be involved in wound healing (Werner et al, 1992).

Platelet-derived growth factor

Platelet-derived growth factor (PDGF) was originally obtained from platelets, but has 

since been isolated from a number of cell lines (megakaryocytes and macrophages) and 

tissues including bone matrix (Hauschka et al, 1986). A predominant biological role of 

PDGF is to act as a mitogen for cells of mesenchymal origin, including osteoblasts, 

vascular smooth muscle cells and fibroblasts (reviewed by Ross et al, 1986; Ross, 1989; 

Kasperk et al, 1990). PDGF also promotes polymorphonuclear leucocyte and monocyte 

activation (Tzeng et al, 1985), and is a potent vasoconstrictor (Berk et al, 1986).

PDGF is strongly chemotactic for mesenchymal and several haematopoietic cells 

(Grotendorst et al, 1981; Williams et al, 1983). PDGF stimulates bone DNA and protein 

synthesis and also stimulates bone resorption in mouse calvarial explants via a mechanism 

involving prostaglandin synthesis (Tashjian et al, 1982). It thus has a complex effects on 

bone remodelling and can act as both a local and a systemic regulator of osteogenesis. 

As a systemic growth factor it is released during platelet aggregation and is important in 

the early stages of fracture healing (Pierce et al, 1991a,b). As a local factor it may 

interact with other hormones and growth factors to make cells competent to respond to 

other factors (Canalis et al, 1988).

17



PDGF is made up of two glycoprotein chains (termed A and B) forming a 30 kDa 

dimeric molecule (Ross et al, 1989). Independent regulation of expression of A and B 

chains allows the production of at least three different PDGF-related molecules; AA and 

BB homodimers and the heterodimer (Hannink and Donoghue, 1989). Human PGDF 

consists 70% PDGF-AA (Soma et al, 1992), whereas porcine PDGF is primarily PDGF- 

BB (Stroobant and Waterfield, 1984). The specific biological roles for these different 

PDGF dimers is not yet known. PDGF-AA is the only form of PDGF expressed by bone 

cells and is purely mitogenic, (Canalis, 1992: Canalis et al, 1992). PDGF-AA, has been 

found to stimulate periosteal cell replication and interleukin-1 doubles PDGF-AA receptor 

number, together with a doubling its mitogenic activity (Canalis et al, 1992; Campbell 

and Kaplan, 1992).

Insulin-like growth factor-I

Insulin-like growth factor (IGF-I); formerly known as Somatomedin C is a single chain 

polypeptide consisting of 70 amino acids with a of 7,600 first isolated from human 

serum (Rinderknecht and Humbel, 1978). IGF-I is found in human bone matrix with the 

relative concentration of IGF-I being 10-15-fold less than IGF-II; IGF-I is produced by 

human bone cells 50-100-fold less than IGF-II (Mohan et al, 1990). IGF-I stimulates 

bone formation in vivo in rats by regulating type I pro-collagen messenger RNA (Zapf 

and Froesch, 1986; Schmid et al, 1989) and IGF-I production in mice and rats have 

shown increases of up to 10-fold following parathyroid hormone (PTH) treatment 

(Linkhart and Mohan, 1989; McCarthy et al, 1989). More recently IGF-I has been shown 

to stimulate bone cells to resorb dentine (Mochizuki et al, 1992). Mohan and Baylink 

(1990) have suggested that the anabolic effects of PTH on bone may in part be mediated 

by the autocrine/paracrine effects of IGF-I on osteoblasts.

Insulin-like growth factor-II

Insulin-like growth factor-II (IGF-II) formerly known as Somatomedin A is present in 

bone matrix as a single chain polypeptide comprising of 67 amino acid residues and 

exhibits 62% sequence homology with human IGF-I and 40% with insulin. Biological 

activities of IGF-II include stimulation cell proliferation of bovine (Linkhart et al, 1986) 

and human bone cells (Wergedal et al, 1990) in a dose-dependent manner in serum free 

cultures. Recent work has shown that IGF-II causes a rapid induction of the proto

oncogene c-fos in murine osteoblast-like cells, indicating the possibility that c-fos could
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act as an intracellular mediator of IGF-II (Merriman et al, 1990). IGF-II has also been 

shown to increase differentiated function such as type I collagen synthesis by the mouse 

osteoblastic cell line MC3T3-E1 and type I procollagen mRNA in human bone cell 

cultures (Strong et al, 1988).

Several systemic hormones have been shown to modulate bone formation, at least in part, 

by regulating the synthesis and release of bone growth factors. PTH and l,25-(OH)2 D3  

stimulate the release of IGF-II from newborn mouse calvariae (Linkhart et al, 1989; 

Linkhart and Mohan, 1989), and the steroid hormone 17-B-oestradiol has been shown to 

enhance the release of IGF-II in rat osteosarcoma cell lines (Gray et al, 1989).

Bone morphogenetic proteins

Urist and co-workers demonstrated that extracts of demineralized bone matrix were 

capable of inducing ectopic bone formation. The active component was identified as being 

proteinaceous and named bone morphogenetic protein (BMP). By 1981 Urist and his 

group had managed to purify a protein from extracts of bovine bone with BMP activity 

and an M̂  of 17-18 kDa which induced cartilage and bone formation in extraskeletal sites 

in rats.

However, purification and characterization of BMP activity remained elusive partly 

because BMPs are present in minute quantities in bone and partly because of the 

cumbersome in vivo bioassay that defined it. The problem was solved when Genetics 

Institute scientists starting with 40 Kg of bovine bone, carried out a 300,000-fold 

purification which enabled them to obtain N-terminal sequence data for three proteins 

with BMP activity (Wang et al, 1988). They showed that under non-reducing conditions 

BMP had a M̂  of 39 kDa, whereas on reduction three protein bands were seen with M̂s 

of 30,18 and 16 kDa. Using oligonucleotide probes derived from the N-terminal amino 

acid sequence data led to the identification and molecular cloning of eight human factors 

named BMP-1 through - 8  (Celeste et al, 1990; Wozney et al, 1990; Ôzkaynak et al,

1992).

Seven of the eight proteins (BMP-2 through -8 ) are closely related and are members of 

the TGF-jg supergene family, while BMP-1 is a metalloproteinase related to the crayfish 

proteinase astacin (Dumermuth et al, 1991). The BMPs are secreted proteins with a 

hydrophobic leader sequence and a substantial propeptide region. Unlike TGF-B, 

however, each of these proteins is glycosylated. These molecules are also known by 

alternative nomenclatures. For example, osteogenin (Sampath et al, 1987; Luyten et al,
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1989; Reddi et al, 1989) has been shown to be identical to BMP-3. BMP- 6  is the human 

homologue of the murine Vgr-1 gene (Lyons et at, 1989) BMP-7 is known as OP-1 

(Osteogenic protein-1, Ôzkaynak et al, 1990), and BMP- 8  is known as OP-2 (Osteogenic 

protein-2, Ôzkaynak et al, 1992).

BMP-2 (formerly BMP-2A), BMP-4 (BMP-2B), BMP-5, BMP-6 , BMP-7 and BMP- 8  

have been shown to be closely related to other members of the TGF-B supergene family; 

the developmentally implicated proteins Vg-1 from Xenopus (Weeks and Melton, 1987), 

the decapentaplegic gene product (dpp) in Drosophilia melanogaster (Padgett et al, 1987) 

factors that can act to promote or inhibit cell growth and differentiation during early 

stages of development (Mercola and Stiles, 1988). Because BMP-2 and BMP-4 (75%) are 

closely related to dpp, it is clear that these molecules are its mammalian homologues. 

BMP-5, BMP- 6  and BMP-7 may be the mammalian homologue to the newly discovered 

60A or Vgr/60A gene, especially BMP- 6  which shows 91% homology with Vgr/60A 

gene (Wozney, 1992; Ripamonti and Reddi, 1994).

The expression of the mRNAs for the BMPs has been shown in the embryonic skeleton 

by in situ hybridization (Rosen et al, 1989; Carrington and Reddi, 1991). BMP is 

distributed along collagen fibres of normal bone, in periosteal cells and in mesenchymal 

cells of marrow stroma, but little BMP is found in bone cells of lamellar bone or in 

calcified bone matrix (Lianjia and Yan, 1990).

Recombinant human BMP-2 (rhBMP-2) has been shown to induce the complex 

developmental cascade of cartilage and bone formation when implanted subcutaneously 

in a rat (Wang et al, 1990). However, ten times more rh BMP-2 is needed to obtain the 

same degree of bone-inducing activity as with purified bovine BMP, suggesting combined 

or synergistic effects (Wozney et al, 1990). RhBMP-2 has been shown to stimulate the 

proliferation MC-3T3-E1 cells in vitro in a dose-response manner, and to induce the 

differentiation of W-20-17 stromal cells into osteoblasts expressing alkaline phosphatase 

activity (Wozney, 1992). BMP-5 also increased the production of alkaline phosphatase 

by W-20-17 cells, but more BMP-5 than BMP-2 was required for comparable enzyme 

induction (Thies et al, 1992). Yamaguchi et al, (1991) examined the effect of rhBMP-2 

on multipotential C26 cells; at large doses rhBMP-2 induced alkaline phosphatase, cAMP 

response to PTH and also bone gla protein (BGP) mRNA expression in the presence of

1,25-(0H)2 D3 , all markers of the osteoblast phenotype. Primary calvarial osteoblast-like 

cells respond to BMP-7 with increases in collagen production, proliferation, and increase 

alkaline phosphatase activity, PTH-stimulated cAMP production, osteocalcin synthesis
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and mineralization nodule formation (reviewed by Wozney, 1992; Ripamonti and Reddi, 

1994).

These studies indicate that the main function of BMPs is to stimulate the differentiation 

of progenitor cells into osteoblasts and/ or increase the expression of osteoblast 

phenotypic markers.
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2.2 OVERVIEW OF THE IMMUNOLOGICAL ROLE OF CYTOKINES AND 

THEIR IMPORTANCE IN BONE METABOLISM.

Although a precise definition is difficult, cytokines can be regarded as small molecular 

weight polypeptides (M̂  <25 kDa) produced by cells, which regulate or modify the 

activity of other cells; the definition thus includes the interleukins, tumour necrosis 

factors (TNFs), and interferons (Table 2). The haematopoietic growth factors are also 

considered in this section.

Interleukin-I

Mononuclear phagocytes were originally thought to be a unique source of interleukin-1 

(IL-1), but a wide variety of cell types including kératinocytes (Luger et al, 1981), 

fibroblasts (Heath et al, 1985), endothelial cells (Miossec et al, 1986) and osteoblasts 

(Kanazawa et al, 1987) can produce IL-1 like molecules. In the human two distinct gene 

products have been cloned (Auron et al, 1984; March et al, 1985) and termed IL-la  

(pl=5) and IL-113 (pi=7); these two forms have been found in every species studied to 

date. Both IL-ls are synthesised as 30,000 M, precursors that are proteolytically cleaved 

to yield 17,000 M̂  extracellular active forms (Hazudu et al, 1989). The predominant 

species produced by activated human monocytes is IL-113, the mRNA coding for this 

molecule being approximately 10-fold more abundant than that for IL-1 a  (March et al, 

1985). Cultured human kératinocytes on the other hand contain 4-6 times more IL-1 a  

mRNA than IL-113 mRNA (Kupper et al, 1986).

IL-1 and the immune system

IL-1 has been shown to enhance various immune responses in vitro', these include B- 

lymphocyte differentiation, antibody production and secretion, T lymphocyte proliferation 

through the induction of IL-2 production. IL-1 acts on macrophage/monocytes and in 

doing so induces its own synthesis as well as the production of TNF and IL- 6  (Navarro 

et al, 1989). IL-1 can also stimulate non-leukocyte cell populations, mediating several 

non-immunological events both in vivo and in vitro; these include acute phase protein 

synthesis, endogenous pyrogen induced fever, fibroblast proliferation, bone resorption 

and collagenase and prostaglandin E2  production by fibroblasts and chondrocytes 

(Dinarello, 1984; 1985).
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Table 2. General overview of cytokines.

Cytokines

Interleukins (ID 
IL-la

IL-ljS

IL-2

IL-3

IL-4

IL-5

IL- 6

IL-7
IL- 8

IL-9
IL-10

IL-11
IL-12

Properties
(MJ

15-17 kDa 
pi 5.0 
15-17 kDa 
pi 7.0

15 kDa 
pi 6.8-7.1 
28 kDa 
pi 4.5-8.0

15-20 kDa 
pi 6 .4-6.7 
45-60 kDa 
pi 5.5

19-21 kDa 
pi 4.9

25
6-8

32-39
19

11
70-75

IL-15

Other Names

Lymphocyte activating factor (LAP)
Endogenous pyrogen
Catabolin
B-cell activating factor 
Leukocyte endogenous 
mediator
T-cell growth factor

Multipotential colony 
stimulating factor 
Mast cell growth factor 
B-cell stimulating factor 1 (BSF-1) 
Macrophage fusion factor 
T-cell replacing factor (TCP)
B-cell growth factor II (BCG II) 
Eosinophil differentiation factor 
Interferon-j82
B-cell stimulatory factor 2 
(BSP-2)
Hybridoma growth factor 
Lymphopoietin-1 
Neutrophil activating protein 
(NAP-1)

Cytokine synthesis inhibitory factor 
(CSIP)
Neuropoietic cytokine 
Natural killer cell stimulatory 
factor (NKSP)
Cytotoxic lymphocyte maturation 
factor (CLMP)
IL-T

Interferons
IPN-a
IPN-/3
IPN- 7

16-27 kDa 
20 kDa 
20-25 kDa

Tumour Necrosis Factor
TNP-q:

TNP-j3

17 kDA 
pi 5.3 
25 kDa 
pi 5.6

Leukocyte interferon 
Fibroblast interferon 
Immune interferon

Cachectin

Lymphotoxin
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IL-1 and bone metabolism

IL-1 has a complex effect on bone remodelling being the most potent stimulator of bone 

resorption yet tested in vitro in the mouse calvarial assay; it is active at concentrations 

as low as of 10-50 pM (Gowen et al, 1983; Heath et al, 1985; Gowen et al, 1989). IL-1 

has also been shown to cause bone resorption and hypercalcemia in vivo when infused 

or injected into normal mice for 24h (Sabatini et al, 1988). Daily injections of IL-1 over 

the calvariae of mice have been shown to cause a rapid localized resorption of bone 

(Boyce et al, 1989). However, 4 weeks after the injections were stopped increased bone 

turnover at the injection site was found. IL-1 does not exert a direct stimulatory effect 

on osteoclasts, but like PTH and l,25(OH)2 D3  acts via the intermediary of cells of the 

osteoblast lineage (Thomson et al, 1986).

IL-1 has been associated with the development of osteoporosis since elevated IL-1 

production has been found in monocytes from some patients with high-tumover 

osteoporosis (Pacifici et al, 1987). Further support for a role for IL-1 was provided by 

a subsequent study in which it was found that oestrogen treatment prevented the develo

pment of osteoporosis and reduced the amount of IL-1 released from cultured monocytes 

(Pacifici et al, 1991).

High concentrations of IL-1 have been shown to inhibit collagen production and 

osteoblast cell proliferation in vitro (Hanazawa et al, 1987; Hurley et al, 1989). IL-1 can 

also exert an anabolic effect on bone; at low concentrations (0.01 to 1 ^g/ml) IL-1 can 

have a slight stimulatory effect on DNA synthesis and cell proliferation (Ikeda et al,

1988), as well as enhancing collagen (Smith et al, 1987) and alkaline phosphatase 

production by osteoblasts (Canalis, 1986; Gowen et al, 1989; Evans et al, 1990). These 

early stimulatory effects of IL-1 on collagen synthesis appear to be mediated by 

prostaglandins since they are inhibited by indomethacin. In contrast, the stimulatory 

effects on DNA synthesis, and the inhibitory effects of high concentrations and longer 

culture periods on collagen synthesis, are not blocked by inhibitors of prostaglandin 

synthesis (Hanazawa et al, 1987).

Interleukin-2

Interleukin-2 (IL-2) was originally defined as a T-cell growth factor (M̂  15,000 protein) 

produced by activated T-lymphocytes following antigen or mitogen stimulation (Morgan 

et al, 1976; Ruscetti et al, 1977). These include both CD4^ (helper) and CD8  ̂

(suppresser) T-cells (Paliard et al, 1988; Lotze, 1988) and large granular lymphocytes
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(NK and LAK). Resting T-cells do not produce IL-2 and do not respond to IL-2 when 

added exogenously; only on the introduction of antigen do specific T-cell clones 

proliferate and differentiate into effector cells capable of mediating T-cell help, T-cell 

cytolysis or antibody production (Hatakeyama and Taniguchi, 1990). Signals arising from 

the T-cell antigen-receptor complex therefore coordinate transcription of both the IL-2 

gene encoding IL-2 receptors; as the immune response proceeds and the receptor gene 

eventually declines, the cells return to their unresponsive resting state.

IL-2 and the immune system

IL-2 has been shown to play an essential role in immunity and exerts pleiotropic (multiple 

function) effects via specific receptors present on thymocytes, activated lymphocytes, NK 

cells (Shibuya et al, 1993), monocytes and endothelial cells (Kroemer and Wiek, 1989). 

IL-2 has been shown to stimulate proliferation of activated B-cells (Zubler, 1984a,b), 

activate T-cells, promote proliferation and enhancement of NK cell activity, and induce 

lymphokine-activated killer cell (LAK) activity. IL-2 also stimulates the production of 

other cytokines, such as IFN - 7  in the presence of TNF (reviewed by Lotze and Finn,

1990). Indeed, the two most effective immunosuppressive agents known, cyclosporin-A 

and the glucocorticoids exert their effect through a selective inhibition of IL-2 production.

Interleukin 6

Interleukin- 6  (IL-6 ) was originally characterized by Weissenbach et al, (1980) as a T-cell 

derived molecule exhibiting anti-viral activity and it was termed interferon-hz (IFN-B2 ). 

However, it was subsequently shown to be identical to B-cell stimulating factor-2 (BSF-2; 

Hirano et al, 1985), hepatocyte stimulating factor (HSF; Gauldie et al, 1987) and the 

human 26 kDa B-cell growth factor (Van Damme et al, 1987). Macrophages, fibroblasts, 

T-cells, hepatocytes, glial cells, vascular endothelial cells (Lotz et al, 1988), B-cells 

(Horii et al, 1988), osteoblasts (Ishimi et al, 1990) and many others produce IL-6 . As 

one might expect given the diversity of these cells IL- 6  has wide range of biological 

activities.

The immune system and IL-6

IL - 6  causes the differentiation of activated human B-cells into antibody secreting cells 

(Muraguchi et al, 1988), stimulates the differentiation of human and murine cytotoxic T- 

cells in the presence of IL-2 and IFN-y (Takai et al, 1988), acts as a hepatocyte-stimulat-

25



ing factor by inducing the expression of acute phase proteins in hepatocytes, stimulates 

human fibroblast proliferation (Kohase et al, 1986), acts as a co-stimulator of human and 

murine thymocyte proliferation (for review see Wong and Clark, 1988) and in the mouse 

acts as a haematopoietic colony stimulating factor (CSF; Wong et at, 1988). Since IL- 6  

regulates growth and differentiation of many kinds of cells, deregulated expression of IL- 

6  may be involved in the pathogenesis of a variety of diseases, such as polyclonal B-cell 

activation with autoimmune symptoms as in occular cicatricial pemphigoid chronic 

hepatitis (Lee et al, 1993), and also in malaria (Clark et al, 1992; Graeve et al, 1993).

IL-6 and bone metabolism

The ability of IL- 6  to stimulate bone resorption in vitro is variable and depends on the 

assay system used. Where neonatal mouse calvariae have been used IL- 6  does not 

stimulate bone resorption (Al-Humidan et al, 1991). However, in mouse fetal long bone 

cultures IL- 6  does stimulate resorption (Miyaura et al, 1989). Implanting CHO cells that 

had been genetically engineered to express high levels of murine IL- 6  into nude mice, 

produces a syndrome of hypercalcemia cachexia, leucocytosis and thrombocytosis, (Black 

and Mundy, 1990). IL- 6  effects on osteosarcoma cells line vary; IL- 6  inhibits collagen 

synthesis by UMR-106 cells (Fang and Hahn, 1991), but has no effect on ROS 17/2.8 

cells (Littlewood et al, 1991).

Tumour necrosis factor

Tumour necrosis factor (TNF) was first discovered in the sera of mice and rabbits 

injected with Mycobacterium bovis strain Calmétte-Guérin (BCG) and subsequently with 

endotoxin (Carswell et al, 1975). Two types of TNF are known (Stone-Wolff et al, 

1984); TNF-a (cachetin) is produced by activated monocytes/macrophages whilst TNF-B 

(lymphotoxin), is secreted by mitogen-stimulated lymphocytes (Vilcek and Lee, 1991). 

Both these factors have been purified to homogeneity (Aggarwal et al, 1985) and their 

cDNAs cloned and expressed in Escherichia coli (Gray et al, 1984; Pennica et al, 1984). 

TNF-a has an M, of 17 kDa comprising of 157 amino acids (Aggarwal et al, 1985) and 

TNF-B an of 18.7 kDa; TNF-B unlike TNF-a is glycosylated and shows 51% 

sequence homology with TNF-o: (Pennica et al, 1984). TNFs have no secretory signal 

peptide sequence suggesting that they remain cell-associated. Both TNFs share the same 

70 kDa receptor (Aggarwal et al, 1985). TNFs affect a wide variety of cell types in vitro 

(reviewed by Aggarwal, 1991; 1992).
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TNFs and the immune system

TNFs stimulate B-cell proliferation and enhancement of antibody production and induce 

IL-2 receptor and INF-y production by T-cells. TNFs induce the production superoxide 

radicals, increases the adhesion potential in neutrophils, as well as inducing phagocytosis 

in these cells during inflammation (Beutler, 1990a,b).

TNF and hone metabolism

TNF-CK has been shown to stimulate bone resorption in mouse calvarial explant cultures 

(Bertolini et al, 1986), an effect that is blocked by inhibitors of prostaglandin synthesis 

such as indomethacin (Tashjian et al, 1987). Indomethacin, however, has only a small 

effect on TNF-a stimulated resorption in fetal long bone cultures (Stashenko et al, 1987). 

TNF-a has been shown to have direct inhibitory effects on both collagen and non- 

collagenous protein synthesis by osteoblasts (Bertolini et al, 1986; Pfeilschifer et al,

1989), which is inhibited by indomethacin and enhanced by IFN-y (Smith et al, 1987). 

On the other hand, it has been reported that transient treatment with TNF-a can have a 

stimulatory effect on bone collagen synthesis by osteoblasts (Canalis, 1987a).

Overall et al, (1989) found TNF-a reduced collagenase production, but increased 

gelatinase activity and that of its inhibitor TIMP (tissue inhibitor of metalloproteinase), 

in contrast Meikle et al, (1989) found matrix metalloproteinase (MMP) synthesis to be 

stimulated by TNF-a, suggesting TNF-o: may be involved in the regulation of proteolysis 

in periodontitis. When TNF-B is injected into Chinese hamsters the animals develop 

tumours and became hypercalcémie within 2  weeks with a tenfold increase in osteoclasts 

compared with controls (Garret et al, 1987), The effects of TNF-B on bone metabolism 

have been shown to be identical to those of TNF-o: (Canalis, 1987a).

Both TNFs have cytostatic and cytolytic effects on a number of tumour cells (Ruff et al, 

1980; Canalis et al, 1988; Pennica et al, 1984), and together with IL-1, the TNFs appear 

to mediate osteopenia associated with some malignant tumours (Canalis et al, 1988).

The Interferons

Interferons were first discovered by Issacs and Lindermann in 1957, who found that 

incubating chick chorioallantoic membrane fragments with heat-inactivated influenza 

virus, stimulated the production of a factor which interfered with the infection of cells 

by live virus. Several types of IFNs exist depending on their origin; interferon-o: (IFN-a) 

is produced by leucocytes, interferon-j8  (IFN-/3) is a product of fibroblasts and amniotic
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cells, and interferon-y (IFN-y) is produced by macrophages, T-cells and natural killer 

(NK) cells.

IFN-o! has been shown to inhibit the activity of natural killer cells, cytotoxic T-cells and 

macrophages in vitro (Nouri et al, 1992), as well as B-cell proliferation and antibody 

production. IFN-j8  increases HLA class I and class II antigen expression and natural killer 

cell activity, but also inhibits HLA class II expression by IFN-y-stimulated cells (Nouri 

et al, 1992).

IFN-y plays a number of important roles in antigen processesing and graft rejection; (i) 

by enhancing the capacity of macrophages to take up and process foreign bodies and 

hence activate T-cells (Nouri et al, 1992); (ii) by inducing HLA class I and class II 

antigen expression especially on grafted tissue, making the graft more vulnerable to 

rejection (reviewed by Soldevila et al, 1990); and (iii) causing monocytes to release 

chemotactic factors which attract more leucocytes to the site of the grafted tissue thereby 

potentiating the immune response.

The overall effect of IFN-y on bone resorption and bone formation appears to be 

inhibitory; bone resorption induced by IL-1, TNF-a, TNF-B and PTH is inhibited by 

IFN-y (Peterlik et a/,1985; Gowen et al, 1986), and IFN-y inhibits the formation of 

osteoclast-like cells in bone marrow cultures (Takahashi et al, 1986b). IFN-y inhibits 

DNA synthesis, collagen synthesis and non-collagenous protein synthesis in rat bone 

cultures (Smith et al, 1987), and inhibition of collagen and non-collagenous protein 

synthesis by TNF is enhanced by IFN-y (Bertolini et al, 1986; Crosier et al, 1991).

Haematopoietic Growth Factors

Heamatopoietic growth factors are cytokines that can stimulate in vitro colony formation 

by haematopoietic progenitor cells.

Granulocyte colony-stimulating factor

Cell types that produce granulocyte colony-stimulating growth factor (G-CSF) include 

endothelial cells (Zsebo et al, 1988), fibroblasts (Kaushansky et al, 1988), stromal cells 

and macrophages (reviewed by Whetton and Dexter, 1989). In a one-step mouse marrow 

culture, G-CSF stimulates more TRAP-positive multinucleated cells than any of the other 

CSFs (Takahaski et al, 1991).

G-CSF is able to stimulate proliferation and differentiation of committed stem cells into 

granulocytes and monocytes/macrophages (Welte et al, 1985; Lu et al, 1989; Ottmann
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et al, 1987). At low concentrations G-CSF is specific for the granulocyte lineage, but 

by increasing the concentration mixed granulocyte-macrophage and some pure macro

phage colonies are formed. At high concentration (100 u/ml,lng/ml) G-CSF stimulates 

eosinophil and eventually megakaryocyte colonies (Metcalf, 1987a). In vitro studies have 

shown G-CSF to cause induction of superoxide anion products, enhance arachidonic acid 

release and phagocytosis by neutrophils (Avalos et al, 1990; Repp et al, 1991). 

Clinically G-CSF has been used to accelerate haematopoietic recovery pending bone 

marrow transplantation (Sheridan et al, 1989; Taylor et al, 1989). It has also been used 

to augments peripheral blood stem cell collection for use in bone marrow transplants 

(Linch et al, 1993).

Granulocyte-Macrophage colony stimulating factor

This glycoprotein was originally defined as a growth factor able to stimulate the prolifera

tion and differentiation of granulocyte and macrophage progenitors in soft agar (Metcalf, 

1986; 1987b; 1988). At higher concentrations GM-CSF stimulates eosinophil and event

ually megakaryocytes colonies (Metcalf, 1987b; 1988). Erythroid cells are also induced 

in the presence of GM-CSF and IL-1 (Nicola, 1986; 1987).

Studies with purified primary cell cultures, cloned cell lines and tumours have identified 

a number of cell types which synthesize GM-CSF. In the absence of stimulation very 

little GM-CSF is produced. However, macrophages and endothelial cells produce high 

levels of GM-CSF in the presence of G-CSF, TNF-a, IL-1, and especially 

lipopolysaccharide (Broudy et al, 1986; Hamilton and Adams, 1987; Zsebo et al, 1988). 

GM-CSF enhances the phagocytic activity of granulocytes and up-regulates cell adhesion 

molecule expression in these cells (Crosier et al, 1991). GM-CSF also acts as a 

chemoattractant for granulocytes and monocytes. Neutrophils, monocytes, and eosinophils 

are primed by GM-CSF to become activated by products such as formyl peptides or 

complement to produce superoxide anion that are involved in bacterial killing (Crosier 

et al, 1991).

The effects of GM-CSF on bone metabolism varies; it does not stimulate bone resorption 

in fetal long bone cultures (Sato et al, 1986), but in baboon bone marrow cultures, 

human GM-CSF and CSF-1 were found to enhance the rate at which osteoclast-like cells 

formed (MacDonald et al, 1986).
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Table 3. Haematopoietic growth factors involved in bone metabolism.

Factors (kDa) cell source Lineage

Granulocyte-Colony 18-22
Stimulating Factor

Granulocyte Macrophage- 14-35 
Colony stimulating Factor

M-CSF 40-90

Interleukin-3 (Multi-CSF) 14-28

Monocytes Stem cells
Fibroblasts
Stromal cells

T cells
Endothelial
Fibroblasts

Monocytes
Fibroblasts
Endothelial

T cells

Neutrophils
Monocytes
Macrophages
Erythrocytes

Lymphocytes
Osteoblasts
Fibroblasts

Neutrophils
Monocytes
Eosinophils
Macrophages

Osteosarcoma cells and human osteoblast-like primary cell cultures increase their rate of 

DNA synthesis when treated with GM-CSF (Dedhar et al, 1989; Evans et al, 1989). GM- 

CSF also inhibits the 1,25 (0 H) 2  D^-mediated production of osteocalcin and alkaline 

phosphatase by human primary osteoblast-like cells (Evans et al, 1989).

Recently, GM-CSF has been shown to have a potential clinical use especially in the field 

of bone marrow transplantation. When either autologous or allogeneic bone marrow 

transplants have been used with GM-CSF, the duration of neutropenia has been 

decreased. Several studies have shown that cost of hospitalization, days of antibiotic 

usage, febrile days, and days to discontinuation of platelet transfusion can be substantially 

decreased with the concomitant administration of GM-CSF (reviewed by Crosier et al, 

1991). The use of GM-CSF following cancer chemotherapy and autologus bone marrow 

transplantation has markedly decreased the duration of hospitalization (Crosier et al, 

1991). There has also been a striking reduction of major organ toxicity, such as 

pulmonary and renal abnormalities in individual patients receiving GM-CSF for reasons 

as yet unclear.
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Macrophage-Colony Stimulating Factor

Macrophage-colony stimulating factor (M-CSF) purified from both human and murine 

sources are glycosylated, disulphide-linked, homodimeric proteins with molecular weights 

ranging from 40-90 kDa depending on its origin (Roth and Stanley, 1992).

M-CSF was originally discovered in serum, urine and other biological fluids as a factor 

that could stimulate the formation of macrophage colonies from bone marrow haemato

poietic progenitor cells (Stanley et al, 1976; Das et al, 1982). M-CSF can be produced 

by a number of cells, that include fibroblasts, bone marrow stromal cells, osteoblasts 

(Shiina-Ishimi et al, 1986) cytokine-activated macrophages, B-cells, T-cells and endo

thelial cells.

In addition to its macrophage colony inducing activity, M-CSF is important for the 

survival, proliferation and differentiation of mononuclear phagocytes, including 

osteoclasts (Stanley, 1985; 1986). Studies in vivo have shown that administration of rhM- 

CSF corrects the impaired bone resorption in the op!op variant of murine osteopetrosis 

(Felix et al, 1990), but Hattersley et a/, (1991) showed that M-CSF increases macrophage 

numbers and in doing so suppresses osteoclast differentiation in op/op mouse. Other 

studies have shown M-CSF to be an important mediator of the inflammatory response and 

can regulate the release of proinflammatory cytokines and other inflammatory modulators 

from macrophages. Additionally, M-CSF plays an important role in host defences and can 

prime and enhance macrophages in their ability to kill tumour cells as well as micro

organisms. An unusual in vivo ability of M-CSF is to lower plasma cholesterol, presum

ably due to enhanced macrophage phagocytosis (Arceci et al, 1989; Sherr et al, 1990).

Interleukin-3

Murine interleukin-3 (IL-3) is a monomer of M̂  23-32 kDa, approximately 40% of which 

is made up of carbohydrate, including neuraminic acid (Clark-Lewis et al, 1984; Ziltener, 

1993). Using rhIL-3 in both the murine and human systems, it has been shown that IL-3 

alone, or acting synergistically with other early acting haematopoietic growth factors, 

including IL-1, IL-6 , and G-CSF, can support the proliferation of multipotential 

progenitors only at the early stages of their development (Sonoda et al, 1988a/b; Moore 

et al, 1992) and not when mature. In the murine system, it has been shown that IL-3- 

induced progenitors can, given secondary cytokine signals, differentiate into myeloid- 

lineage as well as lymphoid-lineage cells in vitro (Tsunoda et al, 1991); these include 

granulocytes, macrophages, mast cells, eosinophils, megakaryocytes, erythroid cells,
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dispersed colonies with natural cytotoxic activity, and mixed colonies of haematopoietic 

cells also develop (Hagenaars et al, 1989; 1991).

Human and murine recombinant IL-3 increases in vivo hematopoiesis in a number of 

animal models (Gasner et al, 1991), and recently, phase I/II trials with rh human IL-3 

have been carried out on patients with advanced malignancies and in patients with bone 

marrow failure (Kurzrock et al, 1991a,b). IL-3 has also been shown to stimulate 

phagocytosis by macrophages, prolong cell survival, enhance the function of eosinophils 

and mast cells, as well as protecting mast cells from apoptosis (Mekori et al, 1993).

32



2.3 IDEAL PROPERTIES REQUIRED OF BONE GRAFT MATERIALS.

Boyne, (1974) put forward parameters required by bone graft material for them to be 

accepted by the recipient.

(1) An immunological response should not be mounted by the host against the graft.

(2) It should render either active or passive assistance to the osteogenic process.

(3) Provide support for the osseous structure during the initial post-operative healing 

phase.

(4) Eventually be entirely remodelled and replaced by host bone.

Three main mechanisms have been described in which the grafted material may aid the 

process of osteogenesis (Mulliken et al, 1984).

( 1 ) Osteoconduction

This occurs when graft material provides a scaffold on which bone and other cells can 

migrate from the surrounding tissue (Urist, 1980). This was first noticed by Barth (1893) 

who coined the term "creeping substitution".

(2) Osteoinduction

Is the ability of a graft to stimulate host cells such as mesenchymal cells to differentiate 

into cartilage and bone cells.

(3) Osteogenesis

Some osteoblasts and osteocytes may survive transplantation, and are then able to make 

a contribution to the formation of new bone (Ham and Gordon, 1952).

2.4 CLASSIFICATION OF BONE TRANSPLANTS AND BONE IMPLANTS.

Katthagen, (1987) divided materials used to repair bony defects into two main categories. 

Bone transplant refers to material derived from osseous tissues which or may not may 

have been subjected to preservative treatment. Bone implant refers to denatured tissue or 

synthetically produced or treated substances such as metal, plastic or mineral implant.

2.3.1 Bone Transplant Material

There exist three main bone graft types

(1) Autografts: Tissue which is taken from the same individual receiving the transplanted 

material.

(2) Allografts: Tissues transplanted from an individual of the same species who is 

genetically different.
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(3) Xenograft: Tissue taken from a donor of another species e.g. animal to man.

2.3.2 Bone Implant Material

This may be further subdivided into the following:

(1) Collagen:-

(2) Biodegradable inorganic materials:-

(a) Calcium phosphate

(b) Hydroxyapatite

(3) Biodegradable synthetic materials

poly (a-hydroxy acid) being the main material.

(4) Composite materials:- A composite can be any combination of materials, (collagen- 

HA or PLA/PGA-HA).
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2.5 BONE TRANSPLANTATION.

2.5.1 Overview of the immunological aspects of bone transplantation

The immune response to transplanted allogenic and xenogeneic bones has been studied 

in considerable detail (Chambers, 1959; Burwell, 1969; Elves, 1974; Czitrom, 1988; 

Bolano and Kopta, 1991). More recently, the immune response provoked by bone 

replacement materials has been investigated (Vert et al, 1984; Sela et al, 1986; Horowitz 

and Friendlaender, 1987; Anderson, 1988; Delustro et al, 1990); Nilsson and Urist, 

1991; Bonfield et al, 1992; Miyamoto et al, 1992), together with the effects the immune 

system has on the osteoinductive ability of bone implants (Nilsson and Urist, 1991). 

Rejection of bone replacement material or transplanted bone is a multistep process, 

involving both innate and adaptive responses.

The precise nature of the antigens responsible for inducing an immune response in bone 

transplantation is at present poorly understood. Bone grafts possess a number of potential 

antigens such as proteoglygcans (Friendlaender et al, 1976a,b) and collagen (Trentham, 

1978; 1980; Delustro et al, 1990), but the main antigens involved in activating the 

immune system are cell surface glycoproteins controlled by the major histocompatibility 

complex (MHC). In humans the MHC is known as human leucocyte antigen (HLA) and 

rabbit leucocyte antigen in rabbits (RLA; reviewed by Hiestand, 1989). Class I antigens 

are expressed on the surface of all nucleated cells and erythrocytes, and are composed 

of two non-covalently associated glycosylated polypeptides, a heavy chain (Mr 44,000) 

and light chain, j^z-microglobulin (Mr 12,000). Class I antigens are the target antigens 

recognised by cytotoxic T cells (T^), that carry the CD8  ̂products as phenotypic surface 

markers (Komgold and Sprent, 1981; 1983).

Class II antigen are expressed constitutively on B-cells, monocytes, macrophages and 

activated T-cells. They are heterodimers of two non-covalently associated glycosylated 

polypeptides: a chains (Mr 35,000) and /5 chains (Mr 28,000). Class II antigens include 

three dimers referred as DP, -DQ and -DR in rabbit (LeGuem et al, 1985; Kulaga et al, 

1987) and humans. Class II antigens are recognised by helper T cells (T„), that express 

CD4^ as surface markers. Recognition and binding of either soluble antigens or MHC 

antigen from grafted tissue is by the T cell receptor, once the soluble antigens have been 

processed by products of the antigen presenting cells (APCs) and expressed on the surface 

of the APCs in contact with the APCs own MHC antigens (Fig 1). This stage is known 

as the arc phase of the immune system. Once the graft has been recognised as foreign the 

process of rejection begins (Fig 2).
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Figure 1. Antigen Presentation. Mononuclear phagocyte antigen presenting cells (AFC) 

take up antigen via non-specific receptors and process it internally before returning 

fragments to the cell surface in association with Class II molecules, both of which are 

presented to MHC Class II restricted T-helper (T^) cells and T cytotoxic and delayed 

(Tc/d) cells. Polymorphonuclear cells are also activated.
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( C o n t a c t )
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Figure 2. Mechanism of transplant rejection. This involves the activation of cells of the 

immune system; B-lymphocytes (B cells), Monocytes (M), T-lymphocytes (T„) and Tc/d), 

inflammation, fever, opsonization, phagocytosis, and involvement of platelets which 

reduce blood and oxygen supply.

2 .5 .2  Allografts

The immunological reactions directed towards allografts were investigated in detail by 

Chambers (1959). Allografts were found to contain antigens that elicit an immune 

response in the recipient that occurred about 5 days after transplantation. Initially, the 

allogeneic cells proliferated and formed new bone, but by 8-9 days the regenerated bone 

had died. Enneking (1962) later showed that it was the cellular component of the 

transplanted bone that was mainly responsible for provoking the immune response; the 

acellular matrix produced a comparatively weak response. Chambers (1959) also 

demonstrated that the local inflammatory reaction was less intense with freeze-dried 

allograft bone than with fresh allograft, but no differences in the immunological response 

to fresh, frozen and freeze-dried bone were noticed by Langer et al, (1975); Ennecking 

(1962) and Burchardt et <3/(1978); both concluded that freeze-drying did not decrease the 

immunogenicity of grafts.

Later work demonstrated that fresh allografts and deep-frozen cortico-cancellous bone
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evoked detectable humoral and cell-mediated immunity, but freeze-dried cortical bone 

allografts failed to sensitize the recipient and was the least antigenic of the allografts 

examined (Friedlaender et al, 1976a,b). The cell-mediated immune response to fresh, 

frozen and freeze-dried allogeneic bone transplants was studied by Elves (1974), who 

found that only freeze-drying reduce the immunogenicity of the transplant, whereas fresh 

and frozen allografts provoked a cell-mediated immune response.

Work by Stevenson et al (1987) found that in mismatched canine grafts, dog leucocyte 

antigens (DLA) from osteochondral fresh grafts markedly and persistently stimulated the 

formation of antibodies, while DLA matched grafts did not elicit systemically detectable 

antibody. Recent work has further highlighted the immunogenicity of fresh allografts, 

when mandibular allografts from non-related monkeys were rejected by the recipient 

(Gold et al, 1991).

Transplantation of vascularized bone allografts generates significant cell-mediated and 

humoral responses as early as 5 days post-transplantation. A humoral response in non

vascularized grafts, however, was not seen until day 14, while cell-mediated responses 

in these grafts were variable (Innis et al, 1991).

Using cell-mediated lymphocytotoxicity assays and a complement-dependent cytotoxic 

antibody assay, Gornet et al {1991) found that rejection of vascularized allografts in rats 

appeared as early as 3 days after surgery, with osteocytes and vascular endothelium being 

the first elements affected.

2.5.3 Xenograft

Untreated xenogeneic bone grafts provoke a potent immune response in the recipient 

(Elves and Salama, 1974; Schmidt and Volkel, 1991). Various procedures have been 

adopted to reduce their antigenicity (reviewed by Salama, 1983) such as deproteinization 

and freeze-drying.

Kiel bone is a partly deproteinized bovine bone material developed by Graf and 

Bauermeister during the 1950s (Salama et al, 1973). It was initially thought to be 

superior to many other materials in terms of tissue compatibility when used with 

autogenous red bone marrow (Salama, 1983). However, Kiel bone is mildly antigenic in 

humans (Salama and Gazit, 1978) and functions mainly as an osteoconductive rather than 

an osteoinductive material. Furthermore, the potential risk of cross-infection, particularly 

with bovine spongiform encephalopathies (BSE) have rendered the material obsolete. 

’Pyrost’ is prepared by gently burning human or animal bones followed by a sintering
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process which removes all organic substance. The gaps left by deproteinization allow 

quick penetration by surrounding tissue. The material behaves as an osteoconductive 

substrate, but has been shown to have low tensile strength and osteoinductive properties 

(Katthagen, 1987).
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2.6 COLLAGEN.

The use of collagen as a bone implant material was first reported by Beducht (1969), who 

found that denatured xenogeneic collagen was capable of filling large bone cavities. Later 

work by Cobb et al (1976) demonstrated bone formation in guinea pig extraction sockets 

with decalcified rat femoral collagen; no immune response to the implant was reported. 

Using the same animal model, acid-extracted reconstituted calf skin collagen was used 

to repair paranasal defects with new bone; ungrafted controls showed no osseous 

formation (North and De Vore, 1980). Similar results were obtained by Deporter et al 

(1988) when using reconstituted fibrillar collagen to repair 4 mm diameter rat calvarial 

defects; they concluded that osteogenesis occurred by osteoconduction, since collagen 

does not form bone ectopically (Knapp et al, 1977).

The use of collagen as a bone replacement material has been shown to have its limitations 

however, as it retains alloantigens (Delustro et al, 1990). Humoral antibodies have been 

found in the sera of patients injected with Zyderm™, an enzyme-digested solubilized 

bovine collagen for the correction of dermal contour deformities (Copperman and 

Michaeli, 1984; Coy et al, 1985; and Ellingsworth et al, 1986. Charriere et al (1989) 

showed that patients treated with a bovine collagen implant Atelocollagen^^ had adverse 

reactions involving both cellular and humoral immunity. Queteish and Dolby (1991,1992) 

demonstrated that subcutaneous implantation of xenogeneic collagen at thigh sites in 

Sprague-Dawley rats, humans and cows elicited a cellular and humoral immune response. 

Collagen is physically stable and sufficiently malleable for its use in correcting dermal 

contour defects, but its lack of mechanical strength has limited its use in bone to the 

repair of intra-osseous defects which are not subjected to functional stresses. Collagen 

has been used in several studies as a delivery vehicle for growth factors (Lucas et al, 

1989; Swoboda et al, 1990) and will be discussed later.

40



2.7 CALCIUM PHOSPHATE.

Two forms of calcium phosphate have been studied as potential biomaterials for 

replacement of bone these are;

(1) Hydroxyapatite (HA).

(2) Tricalcium phosphate (TCP).

2.7.1 Hydroxyapatite

The widespread use of hydroxyapatite (HA) as a possible bone replacement material are 

due to its biocompatability and its clinical and physical resemblance to bone mineral 

(reviewed by Drobeck, 1984). HA exists in several forms, porous, non-porous and 

particulate, which is produced from non-porous HA (Frame and Brady, 1987).

Porous HA (also known as coralline HA) is produced by the hydrothermal conversion of 

calcium carbonate coral exoskeleton to HA. Interpore 200 (Interpore, International, 

Irvine, California) is a coralline HA material consisting of interconnecting channels 

between 190 to 230 /zm in diameter which are required to facilitate vascular and bony 

ingrowth (Chiroff, 1975) and has been used in several clinical studies. Rosen and 

Ackerman (1991) used the material in block form to stabilize osteotomy gaps during 

orthognathic surgery resulting in osseous union. Block forms of Interpore 200 were also 

used in alveolar defects where bone ingrowth was observed. However, when Interpore 

2 0 0  in particulate form was implanted at the defect sites fibrous encapsulation of granules 

was noticed. When HA is used in different forms for example, Bio-Oss, porous HA 

(Mandelkow et al, 1990), and microporous blocks (Frame and Brady, 1987) bone 

ingrowth was shown to occurred by osteoconduction.

Even though HA has been used to enhance osteogenesis it has a number of disadvantages. 

In particulate form HA undergoes resorption by phagocytosis, but the solid form can 

remain within the tissue for many years (Frame and Brady, 1987). The particulate form 

shows a tendency to migrate from the implant site (Kent et al, 1982), resulting in 

subsequent loss of contour (Frame and Brady, 1987), as well as preventing vascular 

penetration and bone growth (Siebert and Nyman, 1990). Finally, block forms of HA are 

difficult materials to mould into a desired shape at the implant site (Frame and Brady, 

1987) and have poor flexural strength which precludes their use as implants in areas of 

long-term mechanical loading (Katthagen, 1987).
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2.7.2 Tricalcium phosphate ceramics

Beta-tricalcium phosphate (TCP) was first used to repair hard tissue avulsion wounds and 

oro-facial fractures animals. When placed at close proximity to freshly cut and bleeding 

bone, osteoblast-like cells were seen invading the matrix and by 6  to 18 months bone had 

formed by which time the implant had undergone resorption (Driskeli, 1973). Ferraro 

(1979) showed TCP to be osteoconductive rather than osteogenic and to be more 

biocompatitible than other synthetic materials, and Cameron et al, (1977) could find no 

adverse side effects associated with TCP. The osteoconductive characteristics of TCP is 

due to the pore configuration (100-150 /zm) which allows osteoconduction; a minimal 

pore size of about 100 fxm is required for new bone ingrowth (Klawilter and Hulbert, 

1971) and 100-150 microns for complete osteogenesis (Hollinger et al, 1989). Another 

positive feature of TCP is that it does not elicit a foreign body reaction or systemic 

toxicity (Hollinger and Battistone, 1986).

Lemon’s et al (1990) used a granular form together with autogenous bone to successfully 

repair long bone defects in rabbits. Using the same animal model Hollinger et al (1989) 

inserted two types of TCP into 15 mm diameter craniotomy wounds. Omnidirectional 

TCP degraded more rapidly than unidirectional TCP with degradation progressing centri- 

petally to be replaced by woven bone and maturing lamellar bone.

The main disadvantages of TCP are that in block form it is brittle with low impact 

strength thus limiting its usage to localized non-weight bearing areas (Jarcho, 1981).
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2.8 BIODEGRADABLE SYNTHETIC POLYMERS.

These were first developed as suture materials in the form of poly(a-hydroxy acids) 

(Kulkarni et al, 1966). Poly (a-hydroxy acids) consist of repeating units (-0-C0-CHR-) 

derived from a-hydroxy-acid (HO-CHR-COOH). The main types are produced from 

glycolic (R=H) and lactic acid (R=CH3). Lactic acid has two enantiometic forms L and 

D with similar intrinsic clinical properties, whereas polyglycolic acids exist in one form. 

Copolymers of lactic and glycolic acid have been produced with differing mechanical and 

biological properties (Vert et al, 1984).

2.8.1 Polymerization

Two methods exist for producing (a-hydroxy acid) polymers. The simple step-growth 

process involves the polymerization of linear monomers (Fig 3), resulting in polymers 

of low molecular weight and poor mechanical properties.

Figure 3. Polvmerization of polvmers from linear monomers.
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Figure 4. Ring-opening polvmerization of cvclic dimers.
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High molecular weight polymers are produced by the ring-opening polymerization of 

glycolide and lactide cyclic diesters (Fig 4; Kleine and Kleine, 1959). In this reaction the 

repeating units are added in pairs to the growing chains. By varying the composite 

monomer building blocks, one form of polyglycolic acid can be produced from glycolic 

acid, but poly lactic acid can exist in four forms due to the presence of two enantiomeric 

forms of lactic acid (L-lactide, D-lactide, and D,L isomer). Combinations of these forms 

has led to the production of copolymers which show differing mechanical and biological 

properties.

2.8.2 Degradation

Degradation of polymers in vivo can occur by a number of ways; in the case of poly (a- 

hydroxy acids) degradation is principally by non-specific hydrolytic scission where ester 

bonds are cleaved by reacting with H2 O, forming carboxyl a-hydroxy terminal groups 

(Kopecek and Ulbrich, 1983). The lactic acid produced enters the tricarboxylic acid cycle 

and is then excreted by the lungs as CO2  and H2 O (Hollinger and Battistone, 1986). In 

the case of PGA degradation occurs by non-specific esterases and carboxypeptidases. The 

glycolic acid monomer produced is either excreted in the urine, or its by-product is 

eventually excreted once it has completed the tricarboxylic acid cycle (Hollinger and 

Battistone, 1986).

2.8.3 Factors that can influence the rate of degradation of these polymers;

(1) Molecular Weight

The term average molecular weight (AMW) is used for polymers, because they are 

polydispersions or mixtures of differently sized molecules. High AMW polymers are very 

viscous and degrade slower in vivo than polymers with a low AMW (Hollinger and 

Battistone, 1986).

(2) Crystallinity

Crystallinity can govern the rate of water sorption and therefore the rate of hydrolysis of 

the polymer (Hollinger and Battistone, 1986). The crystalline L form of FLA prevents 

water sorption and degrades more slowly than less crystalline racemic forms.

(3) Molar Ratio
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The molar ratio between lactic acid and glycolic acid in PLA:PGA copolymers can affect 

the degradation rate (Miller et al, 1977). If the percentage of lactic acid is high in the 

copolymer, degradation is slower than those which are rich in glycolic acid because the 

methyl groups in the repeating lactic acid units protect the carbonyl carbon from tissue 

fluids and therefore hydrolysis (Cutright et al, 1974).

(4) Sequence distribution

Sequence of the lactic and glycolic acid along the linear chain can influence the rate of 

degradation (Hollinger and Battistone, 1986). Copolymers with the same LA:GA ratio 

have been shown to potentially have different degradation rates. This sequence distri

bution of the copolymers is affected primarily by the ability of a monomer to react with 

itself in contrast to its co-monomers, and so affect the degradation rate.

(5) Surface Area

The physical characteristics of the polymer will affect the surface available for hydro

lysis. As the surface area of a polymers increases there is a greater opportunity for 

hydrolytic scission to occur; a porous implant will degrade more rapidly than a dense 

block of similar size (Hollinger and Battistone, 1986).

(6 ) Location

A site that is highly vascular results in more rapid degradation and sites subjected to 

physical stress will encourage the implant to degrade faster.

2.8.4 Investigations into the Various Properties of Polymers

Several studies have been carried out into the potential use of poly(a-hydroxy acid) 

polymers in bone trauma and surgery. These investigations have mainly focused on 

biocompatibilty, mechanical strength and rate of degradation.

Polymers were first used by Kulkarni et al (1966) as 2 mm sheets of poly(L-lactic acid) 

and poly(DL lactic acid) to repair orbital blowout fractures in monkeys, and later in rod 

form for the reduction of mandibular fractures in dogs (Kulkarni et al, 1971); by 8  

months the rods had completely degraded. In both studies a mild inflammatory response 

occurred and poly(L-lactic acid) degraded slower than poly (DL lactide). Similar results 

were obtained when using PLA in sheet form (Cutright and Hunsuck, 1972).

Getter et al (1972) used PLA as plates and screws to reduce mandibular fractures in 

dogs. A secondary callus had formed by 4-6 weeks with healing of the site, and by 32 

to 40 weeks both polymers had degraded completely. An acute inflammatory reaction was 

noticed at the fracture site and similar results were reported when using PLA in suture
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and plates form to repair mandibular fracture in monkeys (Cutright et al, 1971).

To investigate the biocompatability and biodegradability, various types of poly (a-hydroxy 

acids), have been implanted into the tibiae of rats and the femurs of sheep (Vert et al, 

1984). Histological observations showed a mild foreign body reaction to all polymers 

tested. PLA stereo copolymers with increased percentage composition of D units 

degraded slowly enough to allow woven bone formation and to be considered for use in 

repairing bone defects, but the mechanical properties of the material were still insufficient 

for use in internal bone fixation (Vert et al, 1984).

Bos et al (1989) produced a microporous poly(L-lactide) with high MW (1x10^) in the 

form of plates and screws and implanted them into mandibular fractures in sheep. 

Fracture healing occurred without visible callus formation and no inflammatory or other 

pathological reaction was observed. As this implant gave good stability and enabled 

normal fracture healing to occur, they recommended its use in humans for internal 

fixation in the maxillofacial region. Later, Bos et al (1991) subcutaneously implanted 

high MW poly (L-lactide) (PLLA) into the dorsal site in rats, histological observations 

showed that initial degradation of the implant occured by pure hydrolysis followed 

phagocytosis by macrophages. An inflammatory reaction was observed during the early 

and later stages of the implantation period but no implants were rejected; complete 

resorption of the implant did not occur even after 143 weeks post-implantation.

A high MW PLLA was used to repair orbital floor defects of the blowout type in goats 

(0.4 mm thick). Microscopic examination showed by 19 weeks a bony plate was 

progressively being formed and at 78 weeks new bone had fully covered the plate on the 

orbital side (Rozema et al, 1990); no inflammation at the implant site or rejection of the 

implant was seen.

The bioabsorption rate of polylactide implants that differed in their chemical composition, 

residual monomer content, and molecular orientation was investigated by Nakamura et 

al, 1989) in a rabbit model. Copolymers with high lactic acid content showed a lower 

rate of absorption while those with a high unreacted monomer content were absorbed 

faster. Degradation of the purified polymers was slow and no microporous structure was 

seen even after 1 0  months using scanning electron microscopy, but microporocity was 

present in samples containing residual monomer, a few days after implantation. 

Different types of copolymers of glycine and DL-lactic-acid were implanted 

subcutaneously in rats (Schakenraad et al, 1989). A very mild foreign body reaction was 

noticed, together with a marked macrophage-mediated foreign body reaction in glycine
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DL-lactic acid copolymers. The tissue reaction was more severe for polymers with a high 

rate of degradation, and copolymers with an increased glycine composition were shown 

to degrade more rapidly in vitro. Helder et al (1990) showed that in vitro copolymer 

50:50 poly glycine-DL-lactic acid contained many pores by day 7. Meikle et al (1993) 

reported that a 50:50 poly (D,L) lactide-co-glycolide polymer (MW 9,000) developed 

pores, channels after two weeks in vitro, and concluded that the polymer has potential 

as a delivery vehicle for osteoinductive proteins.

2.8.5 Composite materials based on poly (a-hydroxy acids)

Attempts to improve the mechanical and osteogenic properties of poly (a-hydroxy acids) 

has led to the incorporation of polymers with other materials.

(a) Mechanical Strength

Reinforcing PLA polymers with carbon fibres gave the implant satisfactory torsional 

strength when inserted in long bone fracture in dogs (Parsons et al, 1979; Alexander et 

al, 1981). Later studies by Lewis et al (1981) using ceramic and carbon reinforced PLA 

plates in mandibular fractures in dogs showed bony repair, but as shown later by Vert 

et al (1984) and Hollinger and Battistone (1986), the non-resorbability of the carbon 

fibres compromised the usefulness of the these implants. Combining both high tensile 

PGA fibres with PLA matrix produced a resorbable polymer plate with improved 

mechanical strength, but the composite polymer was not considered strong enough for the 

manufacture of long bone plates (Christel et al, 1982).

Ultra-high-strength absorbable self-reinforced polyglycolide (SR-PGA) composite rods 

were used for internal fixation of bone fracture in rabbits. The thickest rods were found 

to retained their strength over a period of 8  weeks and it was concluded that SR-PGA 

rods may be suitable for fixation of cancellous bone fractures, osteotomies, and 

epiphyseal plate fractures where excessive mechanical stress is not present (Tormala et 

al, 1991) .

(b) Osteogenic Pontential

The osteogenic potential of a biodegradable copolymer of 50:50 PLA/PGA was investi

gated in surgically created tibial defects in rats (Hollinger et al, 1983). An accelerated 

rate of healing was observed at the implant sites at 7, 14, 21, and 28 days, but at 42 days 

healing was comparable with the controls. Histological investigation revealed no adverse
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host tissue responses. Hollinger (1987) concluded that healing with these types of 

polymers occurred by osteoconduction, the material serving as a scaffold for bony 

ingrowth.

Composites of TCP and PLA:PGA copolymer were used by Nelson et al (1977) who 

found the implant to have little osteogenic potential. Higashi et al (1986) incorporated 

HA into a low MW polymer (TCP/PLA) and produced an implant that played an active 

role in new bone formation. When incorporated into high MW polymers, HA increased 

the biocompatibility of the material.

2.9 BONE MATRIX IMPLANTS.

Numerous investigators have attempted to harness the osteoinductive potential of de

mineralized bone matrix (DBM) since first shown by Senn (1889). Nevertheless, methods 

of purification of BMP from bone are difficult, the yields are low (the amount of BMP 

in human bone matrix is less than l/ig/lkg; Covey and Albright, 1989) and the assays 

required to demonstrate their activity are cumbersome and slow. Furthermore, there are 

many reports in the literature concerning the implantation of osteoinductive proteins in 

different test models with varying results.

2.9.1 Animal Investigation using Bone Matrix Proteins

Implantation of DBM intramuscularly into pouches of rodents induces ectopic bone 

formation (Urist, 1965). Reddi and Huggins (1972) using an extra-skeletal assay system 

in rats, demonstrated that DBM induces the formation of bone that recapitulates the em

bryonic sequence of endochondral osteogenesis. This involves the migration and 

differentiation of host mesenchymal cells into chondrocytes and osteoblasts; by day 5 

post-implantation ectopic cartilage formed, and by days 1 0 - 1 2  had started to undergo 

replacement by bone.

Xenogeneic DBM has been used to induce bone formation in combination with bone 

matrix water-insoluble non-collagenous proteins in 14mm trephine skull defects in dogs 

(Nilsson and Urist, 1991). They also found partial inhibition of osteogenesis in the same 

model following second-set transplantation with bovine BMP.

More recently, Ehrnberg et al (1993) demonstrated that gradual separation of autogenous 

bone from a proximal femoral fragment using the Ilizarov procedure is more effective 

than implantation of demineralize allogenic bone matrix (DABM), in chip or cylinder 

form in eliciting new bone formation in a large (4 cm) diaphyseal defect in sheep. They
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concluded that the lack of bone induction by DABM may be explained by differences in 

the host immune response to the implant.

When human bone matrix gelatin was implanted into the quadriceps muscle of mice, 

cartilage was induced after 2 weeks and bone and bone marrow 3-4 weeks post

implantation. This showed gelatin to have osteoinductive activity and was followed by 

implantation of human bone matrix gelatin into human bone defects resulting in new bone 

formation two to four months post-operatively (Hu et al, 1993).

Schmid et al (1993) found no osteoinduction with DBM when implanted into tibial defects 

(30 mm) in dogs, but when treated with autogenous cancellous bone, bone formation was 

evident within 1 2  weeks.

Beesho et al (1992) showed that BMPs extracted from bovine, porcine, rabbit, and rat 

bone induced new bone formation within 3 weeks following implantation into muscle 

pouches in Wistar rats. But Aspenberg et al (1988) showed that rabbit and rat bone 

matrix only induced bone in athymic rats, not in normal rabbits and rats. They concluded 

that bone induction by DBM is species specific, a view shared by Sampath and Reddi 

(1983), but not by Glowacki and Mulliken (1985).

2.9.2 Composite Materials with Osteoinductive Proteins

A number of delivery systems have been used as carriers of bone matrix proteins, 

including collagen, hydroxyapatite and synthetic polymers.

Collagen

Using human type I collagen as a carrier system for rat BMP, Deatherage and Miller 

(1987) induced ectopic bone formation in rats within 21 days. Lucas et al (1989) also 

induced cartilage and bone in extra-skeletal sites in mice using water-insoluble osteogenic 

proteins derived from bovine bone matrix together with purified type I collagen. In both 

studies neither the collagenous carrier system nor the osteogenic proteins alone could 

induce bone formation.

A comparison between collagen and poly-L-lactic polymers as a potential carrier for 

osteopoietin containing bovine bone extract to induce ectopic bone formation in rats was 

undertaken by Swoboda et al (1990) who found that smaller amounts of osteoinductive 

material were required to induce bone formation when using collagen as the delivery 

system. Another study showed that a combination of osteoinductive proteins and collagen, 

was superior to osteoinductive proteins and coralline hydroxyapitite in regenerating
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calvarial bone defects (Doll et al, 1990). Seyedin and Alto (1989) demonstrated that a 

combination of osteinductive factors with TGF-hi in a collagen-ceramic composite implant 

material induced endochondral bone in rats. It has also been shown that incorporation of 

human recombinant BMP-2 and -3 into a collagen-ceramic carrier enhances 

osteoinductive activity in rats in the presence of TGF-B2  (Benz et al, 1991).

Hydroxyapatite

Several studies have used HA as a delivery vehicle for osteoinductive proteins especially 

those derived from bovine bone. Turk et al (1991) demonstrated that the addition of 

bovine bone matrix proteins with HA, significantly enhanced bone healing in cranial 

defects in rabbits compared to HA alone. A similar investigation by Miller et al {1991), 

showed in a rabbit calvarial model more bone ingrowth with HA impregnated with 

osteoinductive proteins prepared from calf bone matrix than with HA alone. However, 

using a similar composite implant, no bone was induced at extraskeletal sites in rats 

(Glass et al, 1989; Nolan et al, 1991). Other work has also demonstrated HA to be an 

effective carrier of osteogenic proteins inducing more new bone formation than HA by 

itself (Damien et al, 1990; Sato et al, 1991; Ripamonti et al, 1992). HA has also been 

used as a delivery vehicle for allogeneic DBM in lumbar fusion in rabbits, where early 

stabilization was evident compared to groups implanted with DBM alone (Ragni and 

Lindholm, 1991).

Copolymers

The incorporation of BMP into PLA strips to argument spinal fusion in dogs produced 

more new bone compared with controls (Lovell et al, 1989), but the PLA polymer was 

partially retained at the fusion site even after six months. On the other hand, Johnson et 

al, (1988) used hBMP in combination with a gelatin capsule or PLA/PGA copolymer 

strips to treat intractable non-union of the femur, found the bones had united within 4.7 

months.

Miyomato et al (1992) found that the incorporation of BMPs into high molecular weight 

(105,000) PLA implanted into the dorsal muscles of mice failed to induce new bone 

formation and elicited a foreign-body reaction and chronic inflammation. Combining 

BMP with PLA of low MW (650) resulted in the implant being resorbed 3 weeks post

implantation.

Human antigen-extracted autolysed bone and a bovine BMP were prepared within
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biodegradable carriers (50:50 DL-poly-Iactide coglycolide) and compared with autogenous 

bone graft and controls in the healing of critical-size bony defects in nonhuman primates 

(Hollinger et al, (1989). There was no adverse immunological response to the experi

mental implant and the antigen-extracted autolysed bone elicited an excellent osseous 

response compared with either the bovine BMP or the controls.

Other Materials

Several other materials haves been used as carriers for inductive proteins. TCP was used 

as a carrier for bovine BMP by Urist et at (1984). The repair of 14 mm calvarial defects 

was enhanced by BMP, although the TCP was an unsatisfactory as a delivery system and 

was not resorbed 4 months after surgery (Urist et al, 1987).

Combining whole marrow into porous ceramic blocks (60% HA and 40% TCP) has been 

shown to induce massive de novo bone formation within the pores of the material 

(Goshima et al, 1991). Jin (1989) successfully induced bone formation in periodontal 

osseous defects in dogs with bio-active glass ceramics as the carrier for bovine BMPs but 

no bone induction was seen with bio-active glass alone. BMP has also been incorporated 

into true bone ceramic (TBC) and implanted into the femoral condyles of Japanese white 

rabbits; the amount of new bone formed after the first-four weeks was significantly higher 

for BMP-TBC than TBC alone (Katoh et al, 1993).

Aspenberg et al (1991) used carboxymethyl cellulose gel as a carrier for DBM together 

with rhFGF-2 and demonstrated an increase in bone yields ectopically after 3 weeks post

implantation in rats compared to implants without rhFGF-2.

Nichter et al (1992) produced a composite consisting of DBM and polydioxane, a slow 

resorbable carrier, and compared its osteogenic potential to autogenous bone grafts in a 

9 mm cranial rat defect. After 1 and 3 months, histologically and biochemically well- 

formed bone was present in autogenous bone/ polydioxane and DBM/ polydioxane treated 

defects, but not in the polydioxane control defects. By 3 months DBM/ polydioxane was 

shown to have superior mechanical strength to autogenous bone/ polydioxane.

2.9.3 Composite materials incorporating recombinant human BMPs

With the discovery of recombinant human BMPs much research has been undertaken into 

the ability of rhBMP to induce bone formation when implanted ectopically in a rodent 

assay system or to enhance bone formation in segmental bone defect models (reviewed 

by Wozney, 1992).
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Recombinant BMP proteins were first assayed in the rat ectopic assay system by Wang 

et al (1990) to compare their activities with purified bone-derived BMP. In this system 

the sequence of events recapitulated the process of endochondral bone formation seen 

during embryogenesis (Urist et al, 1979; Reddi, 1981). They found, however, that ten 

times more rhBMP-2 was required to obtain the same degree of bone-inducing activity 

as with natural bovine BMP, suggesting synergism within BMP-related molecules.

In the rat ectopic assay system Hammond et al {1991) demonstrated that about twice as 

much BMP-4 was required for the same amount of bone formation compared to the same 

dose of BMP-2. BMP-5 has the same osteoinductive potency as BMP-2 and BMP-4, but 

the time-course of the osteoinductive response is significantly delayed when compared 

with that of BMP-2 (Cox et al, 1991; D’Alessandro et al, 1991).

Several studies have been performed using rhBMP in a long bone segmental defect 

model, to determine whether BMP proteins, and in particular BMP-2, might be 

therapeutically useful. A 5mm rat femoral defect was stabilized with a polyethylene plate 

fixed by Kirshner wires; rhBMP-2 was implanted in the defect in a bed of inactive bone- 

matrix (Yasko et al, 1991). The carrier system was allogeneic, guanidine-extracted bone 

matrix and the matrix alone was used as the control. Without treatment a defect of this 

size will proceed to a nonunion in 100% of cases. In the matrix-alone control, there was 

a small amount of growth at both ends of the defect, but insufficient bone to fill the gap. 

By 4.5 weeks the defect treated with matrix plus high doses of rhBMP-2 was sufficient 

to be defined as a complete union by an orthopaedic surgeon (Yasko et al, 1991). In a 

similar study in sheep, 2.5 cm defects were created in the femur and stabilized by a 

single metal plate; the defects were repaired using rhBMP-2 matrix or matrix alone 

(Gerhart et al, 1993). Autologous bone grafts were used as a positive control. Both the 

autologous graft and rhBMP-2 treated defects showed union by 12 weeks in most of the 

sheep and were quite rigid. The control showed no union.

To observe whether rhBMP-2 induced bone through the intramembranous sequence, 

rather than endochodral process associated with long bones, Toriuni et al {1991) used a 

dog mandibular defect model; the dog is considered to have bones that most closely 

approximate those of human in size and remodelling sequence. With BMP-2 the defect 

was totally filled with bone after 3 months, whereas control defects filled with matrix 

alone resulted in fibrosis.
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2.10 Summary

Bone matrix harbours a number of growth factors capable of stimulating cartilage and 

endochondral bone formation (Urist, 1965; Urist et al, 1981) via stimulating 

differentiation of host mesenchymal cells into chondrocytes and osteoblasts. The exact 

nature of the inductive mechanism is as yet not known, but BMPs (Wang et al, 1988) and 

possibly TGF-fi (Seyedin et al, 1986), have been isolated as growth factors with 

osteoinductive ability. Even though extensive knowledge of the biochemical/genetic 

structure of bone growth factors exist, a number of points have not been answered 

concerning their role in bone formation; ( 1 ) growth factors interaction required for 

osteoinduction, (2) synergistic interaction with osteoinductive substrates, and (3) 

immunogenic markers which can inhibit the process.

The incorporation of bone-derived growth factors into a controlled-release system using 

collagen and HA, have been widely applied in a number of animals models (Lucas et al, 

1989; Moore et al, 1990). More promising are synthetic poly(a-hydroxy acids) which do 

appear to meet the requirements stipulated by Boyne (1974), in that they are; (1) 

biocompatible and generally tolerated by the host, (2 ) compeletly bioresorbable, the 

degradation rate can be altered by changing various parameters, and (3) osteoconductive.

2.11 Aims

The objective of this study was 3-fold. Firstly, to extract growth factor activity and 

differentiation factor activity from bovine bone. Secondly, to test in vitro the feasibility 

of using a 50:50 poly DL-lactide-co glycolide polymer as a delivery vehicle for bone 

derived growth factors. Thirdly, to evaluate the performance of the implant in vivo, using 

a rabbit calvarial bone repair model and to determine the host response to xenogeneic 

bone growth factors and the effect they may have on induced osteogenesis.
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3.1 PREPARATION OF BONE MATRIX EXTRACT.

The extraction of bovine bone matrix extract was based on the method of Hauschka et 

al (1986). Bovine cortical bone obtained from the abattoir was cleaned of adherent soft 

tissue and cartilaginous tissue removed. The bones were cut into cylinders about three 

inches in length, quartered, cooled in liquid nitrogen and fragmented prior to being 

reduced to a fine powder (75-250 fxm) in a spex freezer mill (Glen Creston, Stanmore, 

Middlesex, UK). A total of 3 kg of dry powder was produced.

3.1.1 EDTA Extraction

Dry bone powder (200 g) was suspended in 1.5 L of 0.02 M Tris-HCl buffer, pH 7.5 

stirred gently at 4°C for 20 minutes and then centrifuged at 2,000 x g for 10 minutes at 

4°C; the supernatant was then discarded. The extracted pellet was resuspended in 1.5 L 

of 0.5 M ammonium ethylenediaminetetraacetic acid (EDTA), 0.02 M Tris-HCl, pH 7.5 

with gentle stirring at 4°C for 24 hours. At the end of the extraction procedure the 

supernatant was recovered after centrifugation at 1 0 , 0 0 0  x g, and filtered through a 

Whatman No. 113 paper using a Buchner funnel under vacuum. The pellet left after the 

centrifugation was washed gently with IL of cold (4°C) distilled water, and added to the 

filtered supernatant and refiltered. The filtered extract was exhaustively dialyzed against 

water for 4 days (4 x 20 L changes) and 0.02 M NH4 HCO3  for 4 days (4 x 20 L changes) 

in acetylated 40 mm flat Spectrapor 1 tubing (mol. wt. cut-off «3,500). This was 

followed by lyophilization, yielding 1.13 g of dry powder. The protein content of the 

bone matrix extract (BMX) was estimated using the Lowry method. A total of 16.95 g 

of dry lyophilized powder was produced from 3 kg of dry powder, which was stored at - 

20°C. Lyophilized BMX was then tested for mitogenic activity in a growth factor assay. 

BMX was redissolved in Dulbecco’s modification of Eagle’s medium (DMEM), dialysed 

against the same buffer, then centrifuged at 2 , 0 0 0  x g for 1 0  minutes.

3.2 GROWTH FACTOR ASSAY.

3.2.1 Cell Culture

Growth factor activity was assayed by its ability to stimulate the proliferation of 

subconfluent murine fibroblast BALB/c/3T3 cells as described by Klagsbrun et al (1977). 

Cells were cultured in DMEM supplemented with antibiotics and 10% foetal calf serum 

(PCS). To test for growth factor activity, cells were plated into 96-well microtitre plates 

(Cel-cult), at a density of 10"̂  cells/well in 200 fii DMEM plus 10% PCS, and grown to 

75% confluence at 3TC in a humidified atmosphere of 5% € 0 2 / 9 5 % air. The cells were 

serum-deprived for 24 hours prior to use by culture in serum-free DMEM, and then
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washed briefly with DMEM. The cells were then challenged with serial dilutions (2, 10, 

20, 30, 50, 100, 120 and 200 |xl/well; Table iv, p 131) of BMX in 200 fx\ DMEM in 

triplicate. On each plate, 24 wells were set up with dilutions of 1-50 /il PCS/ 200 /d 

DMEM to provide a serum-stimulation curve. One growth factor unit (GPU) was defined 

as half the maximal stimulation of proliferation in response to PCS (Hauschka et al, 

1986). A blank was DMEM alone. BALB/c/3T3 cells were incubated with the test factors 

for 42 hours, after which the cells were pulsed with 1 /xCi/ml pH]-thymidine (Amersham 

International, Amersham, Bucks, UK), incubated for a further 6 hours, and then 

harvested to measure the acid-insoluble pH]-thymidine in cell DNA.

3.2.2 Measurement of pH]-thymidine incorporation

After removing the medium the cells were washed in DMEM and fixed to the plastic with 

200 jLtl ice-cold 5% trichloroacetic acid (TCA) for 30 minutes or overnight (at 4®C), and 

washed twice with phosphate-buffered saline (PBS). DNA was solubilized by the addition 

of 100 jLtl 0.5 M NaOH to each well and incubated at 3TC for 5-10 minutes to ensure 

complete dissolution of the precipitate. Cell layers were removed into a scintillation vial 

containing 1 ml 0.5 M acetic acid and 3 ml scintillant and counted in a liquid /?- 

scintillation counter (Wallac, Turku, Pinland).

3.3 ASSAY FOR DIFFERENTIATION FACTOR ACTIVITY.

The differentiation activity of BMX was assayed by its ability to stimulate alkaline 

phosphatase (ALP) synthesis by cultured MC3T3-E1 cells (Takuwa et al, 1991), a 

transformed osteoblastic cell line derived from newborn C57BL/6 mouse calvariae 

(Kodama et al, 1982).

3.3.1 Cell Culture

MC3T3-E1 cells were cultured in ^-minimum essential medium (a-MEM) supplemented 

with 10% PCS in 75 cm  ̂tissue culture flasks at 3TC  in a humidified atmosphere of 5% 

CO2 / 9 5  % air. The cells were subcultured at 80% confluence using trypsin-EDTA into 35 

mm dishes at a density of 6 x 10̂  cells per dish in 2 mis a-MEM. The cells were grown 

to confluence and serum-deprived for 24 hours prior to use by culturing in a-MEM plus 

0.3% bovine serum albumin (BSA). Por experimental purposes the cells were incubated 

for 48 hours in a-MEM plus 0.3% BSA with serial dilutions (1.7, 3.4, 13.6, 17, 34, 

42.5, 85, 170 /xg/ml) of protein in bovine BMX (Table vi, p 133) at 3TC in a humidified 

atmosphere of 5% CO2 / 9 5  % air.
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3.3.2 Measurements of Alkaline Phosphatase

ALP was measured by an adaptation of the method of Kumegawa et al, (1983). After 

incubation, the medium was removed from the dishes and the MC3T3-E1 cells 

trypsinized, centrifuged at 1 0 , 0 0 0  x g for 1 0  minutes and the pellet resuspended in 2 0 0  

^1 of the extraction buffer (10 mM Tris pH 7.4 containing 0.2% Tween 20, Sigma, 

Poole, Dorset). The cells were frozen at -20”C and then thawed, and the freeze/thaw 

procedure repeated twice more.

ALP was assayed using 96-well flat bottom microtitre plates. Triplicates of each test 

sample, control and standard was carried out as follows. The reaction mixture contained 

50 /vd of 8.0 mM magnesium chloride, 50 fil of 200 nM sodium carbonate buffer (pH 

10.0), and 50 /xl of cell extract under test; the reaction was initiated by adding 50 /xl of 

the substrate p-nitrophenyl phosphate (8.0 nM) to each well. Each plate contained ALP 

standards in the Ing/ml- lOjug/ml range, diluted from a stock solution ( 1  mg/ml) in 

extraction buffer. The mixture was incubated at 37°C for 30 minutes, and the reaction 

stopped by adding 50 fû of 2N NaOH to each well. The amount of p-nitrophenyl 

liberated was measured by its absorbance at 405 nm using a Titertek Multiskan Plus MK 

II (Labsystems, UK).

3.4 PREPARATION OF POLYMER-BMX DISCS.

The polymer used was RESOMER^ RG 503 (Boehringer Ingelheim, Germany) supplied 

as prepolymerized granules. This is a poly(a-hydroxy acid) in the form of 50:50 

poly(D, L-lactide-co-glycolide), with a molecular weight of 9000 and has been shown by 

Mak (1990) to have potential as a carrier system.

Polymer discs (13 mm x 2 mm and 5mm x 2mm) were produced by compression 

moulding based on the method of Asano et al (1989). The Specac pellet dies 

(Spectroscopic Accessory Co, St Mary Cray, Kent, UK) were placed into a polythene bag 

and preheated to 50°C in a water bath. The internal temperature of the die was monitored 

by an electronic thermo-couple thermometer (Comark Digital Thermometer, Comark 

Electronic Ltd, UK) with its measuring probe inserted through the vacuum tube of the 

die. When the temperature reached 50°C, the die was removed from the water bath and 

a mixture of polymer granules and BMX (9:1 w/w) was poured in. Using a Perkin-Elmer 

hydraulic press, (Spectroscopic Accessory Co, UK) a compressive force of 15 X 1(P Kg 

(«  11.3 X 10̂  Kg/cm^) was applied onto the piston of the die and maintained for 10 

minutes. All discs were sterilized by 7 -irradiation (25 kGy; Isotron pic, Swindon, Wilt

shire, UK) and used immediately for each experiment, 7 -irradiation has been shown to
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accelerate the degradation rate of PGA and poly(D, L-lactide/glycolide) polymers (Chu 

and Williams, 1983). This radiation dose, currently used by bone banks for sterilization 

of the bone tissue, has been shown to have no effect on the osteoinductive properties of 

demineralized bone matrix (Weintraub and Reddi, 1988).

3.5 IN  VITRO DEGRADATION STUDY OF BMX-POLYMER IMPLANTS. 

Polymers with and without BMX were placed in 3.5 cm petri dishes containing either 2 

ml serum-free DMEM supplemented with penicillin and streptomycin, or PBS (0.1 M 

Na2 HP0 4 /KH2 P0 4 , pH 7.4) containing 0.03% w/v sodium azide to prevent microbial 

growth as described previously (Schakenraad et al, 1989). The dishes were incubated at 

37°C in a humidified atmosphere of 5% CO2 / 9 5  % air. To ensure that the buffering 

capacity of the medium was not exceeded, the pH of the solution was continually 

monitored. The culture medium was harvested weekly for 5 weeks, exhaustively dialysed 

against DMEM before being tested for protein content and growth factor activity as 

described earlier.

3.6 SCANNING ELECTRON MICROSCOPY.

At various stages of degradation polymers were removed, dried in a desiccator, and 

fractured by holding the sample with two pairs of tweezers and bending it. The samples 

were then mounted on to stubs with two-tube Araldite™ (Ciba-Geigy, Duxford, UK) so 

that the top, bottom, and a fracture surface of each disc could be observed, taking care 

that areas handled by tweezers during fracturing were not chosen for examination. The 

samples were then sputter-coated with gold-palladium (SEM coating unit E5000, Polaron 

Equipment, UK) and observed in a scanning electron microscope (Cambridge Stereoscan 

90B, Cambridge Instruments, UK) operating at 15 kV.

3.7 IMPLANTATION PROCEDURE.

Four-month old Dutch/Lop rabbits with an average weight of approximately 2 Kg were 

used as recipients of the implants. Prior to surgery the animals were sedated with an 

intraperitoneal injection of Diazapam (0.4 mg/Kg body weight; Phoenix Pharmaceuticals, 

Gloucester, UK) made up in sterile water. At this stage 10 mis of blood was collected 

from each rabbit and allowed to clot, centrifuged (3000 x g) and the serum removed and 

stored at -20°C. Each rabbit was anaesthetized using an intramuscular injection of 

Hypnorm (fentanyl citrate and fluanisone) 0.3 mg/Kg body weight (Janssen Phar

maceuticals, Oxford UK), providing anaesthesia for 15-30 minutes, sufficient for implant 

placement. All animals received antibiotic cover in the form of 0.25 ml intramuscular 

Clomoxyl (Beecham Animal Health, Brentford, Essex, UK) at the time of sedation. The
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frontal area of the rabbit calvarium was shaved and swabbed with 70% alcohol, a midline 

incision made under sterile conditions and the periosteum elevated to expose the 

calvarium. A round bur was used to produce bilateral circular defects of 5 mm in 

diameter. The wound was irrigated with sterile isotonic saline followed by implant 

insertion. Each BMX-polymer implant disc contained 75 GPU. Control animals 

underwent an identical procedure without placement of an implant. The periosteum was 

replaced and sutured with catgut prior to wound closure with interrupted 3/0 vicryl 

sutures (Ethicon, Edinburgh, Scotland). 21 rabbits were used; 15 implanted with 

polymer-BMX discs; and 6  with polymer alone.

The animals were sacrificed at 1, 2, and 3 months with an overdose of Pentobarbitone 

0.4 mg/Kg body weight (May and Baker Ltd, Dagenham, U.K.) given intravenously. The 

animals were housed by Biological Services, University College, London.

3.8 EXPLANT PROCEDURE.

The area containing the implant was surgically removed and immediately fixed in 10% 

formalin buffered saline or snap frozen. The calvarium was subsequently sectioned in the 

mid-sagittal plane with an Isomet low speed bone saw (Buehler Ltd, Illinois, U.S.A.) so 

that the two defect areas could be processed separately. The explants were then 

radiographed (Oralix 50, Philips, U.K.) on E041 Extraspeed film (Kodak, U.S.A.) at 50 

KVP and 7.5 mA with an exposure time of 0.5 seconds to record the extent of 

calcification at the site of the defect. Some of the explants were decalcified in 5 % TCA 

for one week, followed by midline sectioning of the explant with a sharp blade, and 

paraffin processed and embedded. Four micron sections were cut and stained by 

haematoxylin and eosin (Bancroft and Stevens, 1990) and Herovici methods.

3.9 ELECTROPHORESIS AND IMMUNOBLOTTING.

Individual proteins from the BMX preparation were separated by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) in a Minigel electrophoresis apparatus 

(SE 250, Hoefer Scientific Instruments, San Francisco CA), using the buffer system of 

Laemmli (1970). The slab gel contained 12% (w/v) acrylamide in the running gel and 

4.8% (w/v) in the stacking gel. The protein extract was adjusted to approximately 1.125 

mg/ml by solubilizing in 0.125 M Tris-HCl, pH 6 .8 , sample buffer, and then boiled for 

2-3 minutes to denature the proteins. 10 /xl of protein extract was added to the appropriate 

gel lane, and 5 /xl of high and low standard protein markers (MW-SDS-70L and MW- 

SDS-6 H, Sigma) were used to determine the relative molecular mass (Mr). 

Electrophoresis was carried out at room temperature at 15 mA per gel until the bromo-
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phenol blue dye reached the bottom of the gel. The gel was visualised using the silver 

staining kit (Sigma).

After electrophoresis the separated bands were electrophoretically transferred to 

nitrocellulose paper by the Western immunoblot procedure (TE22m,Hoefer Scientific 

Instruments) using Tris-glycine buffer (pH 8.4) containing 20% methanol, at 10 V 

overnight according to the modification of the Western blot method of method of 

Papaioannou et al, (1991). After blotting, the nitrocellulose paper was stained with 

0.01% amido black for the visualization of proteins. The strips, cut from transferred 

individual gel lanes were destained by washing with PBS containing 1.0% Triton X-100 

for 5 minutes and then in PBS-0.1% Triton X-100 (PBS-TX) for 25 minutes. Non

specific binding was blocked by incubating the strips with 1 % BSA in PBS-TX (B-PBS- 

TX) for 45 minutes. The strips were then incubated with sera diluted at 1:100 with B- 

PBS-TX for 60 minutes at room temperature. The sera was obtained from rabbits 

sacrificed at, 1, 2, and 3 months after transplantation with BMX-polymer implant, in 

order to observe which BMX proteins are recognised by antibodies in the sera, and 

therefore, to identify the proteins in the BMX that are immuongenic. The strips were 

washed in PBS-TX for 30 minutes (with 5-6 changes of PBS-TX), and then incubated 

with 10'̂  dilution of peroxidase conjugated goat anti-rabbit IgG (Sigma Chemicals) and 

washed again.

The bands were visualized by reaction with 3,3'-diaminobenzidine tetrahydrochloride (0.1 

mg/ml) in 0.1 M citrate buffer (pH 5.0) with 0.01% H2 O2  for 5 minutes followed by 

adding the strips to 0.01 M H2 SO4  to improve the resolution of the bands, then rinsing 

the strips in distilled water.

3.10 ENZYME-LINKED IMMUNOSORBANT ASSAY (ELISA).

The method used for measurement of serum antibody titres to the BMX was based upon 

a modified solid phase indirect non-competitive ELISA (Engvall and Perlmann, 1972), 

and is illustrated below (Fig 5). Briefly, wells of Immulon 2 microtiter plates (Dynatech, 

Billingshurst, Sussex, U.K) were coated with BMX diluted at 20 jLtg/ml in PBS by 

overnight incubation at 4°C. Blank plates were incubated with PBS alone. The wells were 

then thoroughly washed 2 times, each for a duration of 3 minutes, with washing buffer 

to remove any unbound or weakly adsorbed antigen. Plates were then blocked by the 

addition of 200 /xl of blocking buffer and incubated for 1 hour at 37°C. After blocking, 

the wells were shaken dry, and rabbit sera at serial dilutions (1:50, 1:250, 1:1250, and 

1:6250 in PBST-milk were added in 50 /xl volumes to wells of BMX-coated and blank
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plates; 50 jil of standard positive hyperimmune serum was added to other wells coated 

with BMX and all plates were incubated for 60 minutes at 3TC.

Figure 5 . Non-competitive ELISA.
Double antibody sandwich method
for detecting antibodies in serum samples.

1 A n i i g e n  
a d s o r b e d  to  
p l a t e

fi
W a s h

2.  A d d  s e r u m  a n y  
s p e c i f i c  a n t i b o d y  
a t t a c h e s  t o  
a n t i g e n m

W a s h

3.  A d d  c n i y m e  
la b e l l e d  a n t i -  
g l o b u l i n  w h i c h  
a t t a c h e s  t o  
a n t i b o d y #

W a s h

4 .  A d d  s u b s t r a t e

A m o u n t  h y d r o l y s e d  
=  a m o u n t  a n t i b o d y Î

After the plates had been washed four times with PBST 50/^1 of conjugate (goat anti

rabbit IgG peroxidase conjugate) was added to each well and the plate incubated for a 

further I hour at 37°C. After six washes in PBST, bound peroxidase activity was 

developed with 75/xl of fresh substrate. The reaction was stopped after about 10 minutes 

by the addition of 50/xl of sulphuric acid (0.5M H 2 SO4 ) to each well. The optical density 

of each well was measured (450 nm) using a Titertek multiscan spectrophotometer. 

Binding to antigen-coated wells was corrected by subtracting values at corresponding 

serum dilution on blank plates, the same was done for the standard.

OD Serum and antigen (Lr) - OD Serum onlv (L -,)________________ X I00

OD Positive control and antigen (Hco) - OD Positive control only (Leo) 

Antibody titers were expressed as dilutions of serum giving 30% of binding of the 

standard positive hyperimmune serum.

3.11 IM M UNOCYTOCHEM ISTRY.

Fresh samples were snap-frozen in liquid nitrogen-isopentane, then stored at -70°C. The 

tissue was sectioned at 6  /xm in a Bright cryostat (Huntingdon, Cambridgeshire, UK) at - 

3 EC and taken onto 3-aminopropyltriethoxy saline (APES)-coated glass slides. Sections 

were air dried at room temperature overnight and fixed in 4% acetone for 15 minutes 

prior to use. A two-step indirect technique was used to demonstrate antibodies to rabbit 

leukocytes antigens. Sections were washed briefly in Tris-buffer pH 7.6 (TBS) and 

treated with goat serum (20%; 30 minutes) to block non-specific binding to the second 

antibody. Optimal dilutions of the monoclonal antibodies to rabbit leukocyte antigens 

including CD^^, helper T-Cell subset; GDI lb , MAC-1 epitope expressed on neutrophils, 

monocytes, and macrophages; CD44, expressed on T-cell, B-cell subset, neutrophils
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macrophages and fibroblasts; MHC II, on activated mononuclear pbgagocytes; MHC I 

found on most nucleated cells), were added to the sections for 60 minutes at room 

temperature, inorder to show wbeatber an immune response bad been elicited by the 

polymer and polymer-BMX. Sections were washed 3 times with Tris-buffer for a duration 

of 1 0  minutes and then incubated with the secondary antibody (biotinylated affinity 

isolated goat anti-mouse; Dako, High Wycombe, Buckinghamshire, U.K.; 1:200 dilution) 

and incubated for 30 minutes at room temperature. After a further wash in Tris-buffer, 

a streptavidin-alkaline phosphatase conjugate (Dako, High Wycombe, UK) was added at 

1:200 dilution and incubated for 40 minutes followed by a final wash. A solution of 

naphthol AS phosphate disodium plus fast red and Levamisole was then added to the 

section and incubated at room temperature for 1 0  minutes or until sufficient colour had 

developed. Sections were counterstained with Harris haematoxylin for 5 seconds, and 

washed in tap water and distilled water for 5 minutes. The specimens were mounted in 

Aquamount (BDH, Dagenham, Essex, UK) and examined by light microscopy.

3.11.1 Controls

For each specimen, serial sections were incubated in the absence of the primary or 

secondary antibody. A further check on the specificity of antibody binding was deter

mined by incubating the specific antibody overnight with an excess of the various markers 

(no staining should occur).

3.12 STATISTICS ANALYSIS.

Statistical evaluation was performed using descriptive and non-parametric statistics;

(1) Arithmetic Mean (x)

X = Ex/n

(2) Standard Deviation (a)

(a) Variance of sample = E (x - xV
n - 1

(b) a =Y E (x - xV 
n - 1

(3) Standard Error of the Mean SE(x)

SEtx) =

(4) Mann-Whitney U Test using Unistat V4 (London) statistical package on a PC.
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Prior to BMX being incorporated into the polymer matrix, the BMX was tested for 

biological activity using two established in vitro assays.

4.1 GROWTH FACTOR ACTIVITY.

A typical dose-response curve of BALB/c/3T3 cells to stimulation by PCS is shown in 

Fig 6  and EDTA-extracted BMX is shown in Fig 7. One growth factor unit (GPU) is 

defined as half of the maximal pH]-Thymidine (TdR) incorporation stimulated by fetal 

calf serum (Klagsbrun, 1977; Hauschka et al, 1986), in this case 132,500 d.p.m. The 

maximal stimulated pH]-TdR incorporation stimulated by BMX was 201,000 d.p.m. 

Based on this data and protein content of the BMX (Table ii, p 129) 5.8 mg BMX 

contains 1 mg of protein and 76 GPUs.

4.2 DIFFERENTIATION FACTOR (MC3T3-E1) ACTIVITY.

EDTA/Tris-HCL extracts of bovine bone have previously been shown to contain TGP-B, 

EGP and PGP activity (Meikle et al, 1991). Stimulation of ALP activity by murine 

osteoblast MC3T3-E1 cells demonstrated that the BMX preparation may also have 

osteoinductive potential (Pig 8 ); the stimulatory effect of BMX was observed at protein 

concentrations as low as 1.7 /xg/ml and showed optimal induction at a protein 

concentration of 17/xg/ml. The alkaline phosphatase concentration for the control was 

5.15 /xg/ml.

Pig 9 shows the time-dependent effect of the optimal dose of BMX on cellular alkaline 

phosphatase activity. In control cells alkaline phosphatase activity began at 13.58 /(g/ml 

and then declined progressively after 12 hours (8.83 /xg/ml). In cells treated with BMX, 

however, alkaline phosphatase activity rose after 1 2  h and was maintained at a higher 

level than control cultures for at least the next 12 hours. The differences of alkaline 

phosphatase activity shown by the controls and induced by BMX (Pig 8  and Pig 9) can 

be put down to interassay variability.
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Figure 6 . Standard curve for quantitation of growth factor activity in PCS on 

BALB/C/3T3 murine fibroblasts as described in materials and methods. One GPU is 

defined as 50% of maximal serum stimulation; 132500 dpm.
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Figure 7. Growth factor activity in BMX assayed on BALB/c/3T3 cells. The maximal 

value was 201,000 dpm. Based on this data and the protein content of the BMX, each 

BMX-polymer disc used the in vitro experiment contained approximately 393.0 GPUs.
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are mean + SD for one to three determinations.
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4 .3  IN  VITRO D EG RA D A TIO N  STU D Y .

Based on the values obtained from growth factor assay and the protein content of the 

BMX, each 13mm polymer implant disc was loaded with BMX containing approximately 

393 GFU, The release profiles of protein and growth factor activity from polymer RG503 

during 5 weeks are shown in Fig 10 and 11 respectively. These were characterized by a 

high initial release during the first week; in the case of protein the release profiles were 

almost identical irrespective of whether PBS or DMEM was used as the culture medium. 

There was, however, a difference in the amount of growth factor activity released over 

the experimental period depending on whether the discs were cultured in PBS or DMEM. 

The reasons for this are not clear, but may have been a reflection on the fact that the 

growth factor assay only measures mitogenic activity. We estimated that the GFUs 

released into medium (9mls DMEM; 9.7mls phosphate) represented approximately one- 

half (DMEM, 187.5 GFU and PBS, 186.2 GFU, p 139) of the growth factor act ivity 

originally incorporated into the polymers. During the study the pFI of the incubated 

medium had gone from 7.4 to 7.37 by the end of the first week for DMEM and 7.35 for 

phosphate; and by the end of the fifth week the pH of the buffers had gone down to pH 

4.79 for DMEM and 4.84 for phosphate (Table xi, p 138). This is a possible explanation 

for the loss of biological activity during the degradation study.

0.6
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©
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0.0

Weeks
Figure 10. Release of protein from polymer RG503. Polymer discs (13mm x 2mm) 

containing 270 mg of polymer granules and 30 mg BMX (9.1 w/w) were incubated in 

3.5cm petri dishes containing either 2ml DMEM (O) or phosphate buffer (v)  as described 

in Methods. Incubations were carried out at 37“C in humidified atmosphere of 5% 

C 0 /9 5 % air. Each point represents the mean ± SD for 9 to 10 implants. * denotes 

Significantly different from phosphate, P < 0 .0 5 . Mann-Whitney U Test.
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Figure 11. Release of growth factor activity from polymer RG503. Polymer discs (13mm 

X 2mm) containing 270 mg of polymer granules and 30 mg BMX (9.1 w/w) were incu

bated in 3.5 cm petri dishes containing either 2ml DMEM (O) or phosphate buffer (v)  

supplemented with antibiotics as described in Methods. Incubations were carried out at 

37“C in a humidified atmosphere of 5 % C 0/95 % air. Each point represents the mean ±  

SD for 9 to 10 implants. significantly different from DMEM, P<0.05. *'* significantly 

different from phosphate, P<0.05. significantly different from phosphate, P<0.01. 

Mann-Whitney U Test.
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4.4 SCANNING ELECTRON MICROSCOPY.

Polymer discs containing BMX underwent a rapid change in morphology in culture. Even 

after 24 hours SEM revealed that the surface had undergone degradation with the appear

ance of numerous surface openings and granular deposits (Fig 12); our interpretation is 

that these granules are likely to be aggregates of bone matrix proteins that had been 

exposed as the polymer matrix underwent hydrolysis. Examination of the fracture surface 

revealed that unlike the dense internal structure shown by polymer alone (Meikle et al, 

1993) polymer discs containing BMX were characterized by numerous pores and defects 

(Fig 13). After 2 weeks in culture and further hydrolysis, the surface had assumed a 

folded appearance similar to that of polymer RG503 alone but with numerous surface 

depressions, presumably sites previously occupied by granules of BMX (Fig 14). 

Internally the polymers were extensively honeycombed by numerous pores and channels 

(Fig 15).

Figure 12. Surface morphology of a disc of polymer RG503 containing BMX after 24 

hours culture in DMEM viewed by SEM. The surface is irregular with numerous surface 

openings and granular deposits. Bar measures 1 mm.
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Figure 13. Fracture surface of a dise of polymer RG503 containing BMX after 24 hours 

culture in DMEM viewed by SEM. Numerous pores and defects are apparent in the 

polymer matrix. Bar measures 0.5 mm.

i

Figure 14. Surface morphology of a disc of polymer RG503 containing BMX after 2 

weeks culture in DMEM viewed by SEM. The surface has assumed a folded appearance, 

but with numerous surface depressions presumably sites previously occupied by granules 

of BMX. Bar measures 50 /xm.
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Figure 15. Fracture surface morphology of a dise polymer RG503 containing BMX after 

2 weeks culture in DMEM viewed by SEM. The polymer matrix is extensively 

honeycombed by numerous pores and channels to 200 /xm in diameter. Bar measures 200 

/xm.
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4.5 ELISA.

Assay of serum samples for antibodies to BMX by an ELISA demonstrated the presence 

of high IgG titres after 1 month in rabbits transplanted with BMX-polymer implants 

followed by progressive decline at 2 and 3 month (Fig 16). Antibodies to BMX could not 

be detected in sera from controls or polymer implanted animals, and rabbits implanted 

with polymer alone showed no serum antibodies to the polymer (data not shown).
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Figure 16. Serum IgG antibody titre to BMX measured by an ELISA. Sera were obtained 

at time of sacrifice from rabbits 1, 2 and 3 months after transplantation with BMX- 

polymer implants; the data is cross-sectional. Antibody titres are expressed as the dilution 

of serum giving 30% binding of the standard positive hyperimmune serum. Each point 

represents the mean ±  SEM for 4 to 5 animals.
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4.6 SDS-PAGE PATTERN OF BMX EXTRACT AND IMMUNOBLOT ANALYSIS 

OF SERA FROM BMX-POLYMER-IMPLANTED RABBITS.

Proteins separated by SDS-PAGE gave sufficient resolution to identify 9 bands in the 

BMX extract. BMX extracted from bovine cortical bone showed prominent bands of 14, 

21, 28 and 6 6  kDa molecular weights (Fig 17; lane 2).

Mr kDa

66—

45—  

36—  

29—

24—

20- —

14 .2 -

Figure 17. Silver-stained SDS-PAGE pattern of bovine bone matrix protein extracts. 1 = 

Molecular weight markers (kDa). 2 =  Bovine bone matrix preparation.

Representative patterns of staining of the BMX extract with sera from rabbits with BMX- 

polymer implants are shown in Fig 18. Two major bands were visualised, one at Mr 6 6  

kDa and the other at approximately 14 kDa; there was also a faint band at 20-22 kDa. 

The 6 6  kDa band persisted throughout the experimental period and is likely to represent 

antibodies to bovine serum albumin (BSA). Antibodies to the 14 kDa and 20-22 kDa 

bands, however, showed a progressive decline and were undetectable at 3 months. No 

bands towards BMX were detected in sera from polymer alone implanted rabbits.
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Figure 18. Immunoblot analysis of serum antibodies to BMX. Sera were obtained at time 

of sacrifice from rabbits 1, 2 and 3 month after transplantation with BMX-polymer 

implants. The strips were probed with peroxidase-conjugated goat anti-rabbit IgG; the 

data is cross-sectional.
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4.7 HISTOLOGICAL SECTIONS.

4.7.1 Poly(a-hydroxy acid) implants

After four weeks post-implantation, the implant discs had undergone substantial disinte

gration with little polymer matrix evident; nevertheless, the extent to which the calvarial 

defect had been replaced by bone showed individual variation. In some animals the defect 

has been completely replaced by newly formed cancellous bone (Fig 19). In others the 

defect was bridged by a thin plate of bone at the marginal rims with a thin plate of bone 

bridging the defect (Fig 20). At no time was bone observed in intimate contact with 

residual polymer (Fig 21), suggesting that the material had not acted as an 

osteoconductive substrate, but rather as a tissue spacer.

At 8  weeks osseous regeneration also showed individual variation (Fig 22 A and B).

Figure 19. Photomicrograph of section through the centre of a 5 mm cranial defect 1 

month after implantation with a disc of 50:50 poly DL-lactide-co-glycolide (mw about 

9000). The defect has been completely repaired by cancellous bone although the bone is 

only half the original thickness of the calvarium. Haematoxylin and eosin stain. Bar 

measures 0.25 mm.
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Figure 20. Photomicrograph of section through the centre of a 5 mm cranial defect 1 

month after implantation with a disc of 50:50 poly DL-lactide-co-glycolide (mw about 

9000). In this example osseous regeneration consists of bone formation at the marginal 

rim with a narrow plate of bone bridging the defect. Herovici stain. Bar measures 0.25 

mm.
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Figure 21. Photomicrograph of a section from the centre of 5 mm calvarial defect 1 

month after implantation with a polymer disc. The polymer (p) has undergone extensive 

degradation and is separated from the bone (b) by a highly vascular fibrous connective 

tissue. Blood vessels (arrows) are shown in close proximity to newly formed bone. 

Herovici stain. Bar measures 100 ^m.
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Figure 22. Photomicrographs of a 5 mm trephine defect in the rabbit cranium filled with 

a polymer discs harvested 2 months after implantation. A, High power photomicrograph 

showing repair of the defect with new bone (b). B, The defect area is completely bridged, 

but only by a thin plate of bone. Herovici stain. Bar measures 40 ^m.

78



4.7.2 PoIy(a-hydroxy acid) polymers containing bovine bone matrix

At four weeks there was very little bony ingrowth, but newly formed woven bone could 

be seen at the margins. The central defect contained mainly of unresorbed polymer and 

BMX residue (Fig 23 A). At eight weeks sections showed marginal woven bone with 

small islands of bone within the defect (Fig 23 B).

.J

Figure 23. Photomicrographs of sections through the centre of 5 mm cranial defects filled 

with discs of 50:50 poly DL-lactide-co-glycolide and bovine bone matrix. A, 1 month 

with very little bony ingrowth. B, 2 month post-implantation; islands (i) of new bone are 

present within the defect. Herovici stain. Bar measures 50 ixm.
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4.8 IM M UNOCYTOCHEM ISTRY.

4.8.1 PoIy(a-hydroxy acid) implant

At four weeks sections showed sites containing numerous macrophages and multinucleate 

giant cells, the majority of which were shown to be MHC Class II (Figs 24 A and 24 B) 

and CD 11b positive (Fig 25). At 8 weeks, the number of inflammatory cells had 

decreased indicating that the inflammatory response at the defect site had subsided.

r

Figure 24. Photomicrograph of frozen section from a calvarial defect 1 month after 

implantation with polymer discs and stained with an anti-MHC Class II monoclonal 

antibody. A, Multinucleated giant cells (m) are shown in close proximity to residual 

polymer (p). Bar measures 150 ^m. B, Photomicrograph of a frozen section from the 

same block as A showing numerous MHC Class Il-positive macrophages. Residual 

polymer (p). Sections counterstained with haematoxylin. Bar measures 50 fxm.
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Figure 25. Photomicrograph of a frozen section from a calvarial defect 1 month after 

implantation with a polymer disc showing numerous C D llb  positive macrophages 

surrounding polymer residue (p). Counterstained with haematoxylin. Bar measures 30 

/xm.
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4.8.2 PoIy(of-hydroxy acid) implants containing bovine bone matrix implant

At four weeks the defect area was composed of inflammed fibrous tissue containing many 

C D l l b  positive macrophages and neutrophils (Fig 26 A) and the presence of CD4^ 

(helper)-positive T lymphocytes (Fig 26 B). Over the 12 week period of observation, 

there was a progressive reduction in the cellular immune response.

m

0

Figure 26. Photomicrograph of a frozen section from a calvarial defect 1 month after 

implantation with a BMX-polymer implant. A, Photomicrograph of a frozen section 

showing numerous CD 11b positive macrophages and neutrophils. Bar measures 3 /xm. 

B, Photomicrograph of a frozen section showing the presence of CD4"(helper)-positive 

T lymphocytes. Sections counterstained with haematoxylin. Bar measures 2 fxm.
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DISCUSSION.

The osteogenic potential of DBM has been demonstrated in multiple animal models and 

clinical applications with varying success (Mulliken, 1980; Glowacki and Mulliken, 1985; 

Nilsson and Urist, 1991; Ehmberg et al, 1993). The repair of osseous defects has also 

been shown to be further enhanced when bone derived growth factors are incorporated 

into a delivery system (Damien et al, 1990; Lucas et al, 1990; Moore et al, 1990; 

Katoch et al, 1993). However, although bone implant materials are under intensive 

investigation, the immune reaction to exogenous proteins has received relatively little 

consideration. The aim of this present study was to test the feasibility of using 50:50 poly 

DL-lactide-co-glycolide (PLA/PGA) copolymer as a controlled-release delivery vehicle 

for bone-derived growth factors. The initial investigation involved using standard in vitro 

model systems to test the biological activity of the extracted growth factors from bone, 

and to observe the release of growth factors from BMX-polymer implants as the implants 

underwent degradation. The osteogenic potential of the implants was then evaluated in 

a rabbit calvarial bone repair model, as well as the host response to the xenogeneic BMX 

and the consequences it might have on induced osteogenesis.

Biological Activities of Bone Matrix Extract Preparation

The presence of biological activity in the BMX after EDTA extraction was confirmed by 

using a non-specific growth factor assay and secondly we verified that it contained 

osteoinductive activity. However, the yield of growth factor activity was three-fold less 

than that previously reported by Hauschka et al (1986). This may have arisen because of 

partial denaturing of the bone growth factors during the extraction procedure, or as is 

more likely, that the proteins were incompletely recovered during the extraction process; 

a more rigorous extraction protocol is likely to improve the quantity of growth factors 

recovered in future preparations.

The differentiation factor activity in the BMX preparation was demonstrated by inducing 

an increase in alkaline phosphatase synthesis in a dose-responsive manner by MC3T3-E1 

cells, factors present in the BMX capable of inducing MC3T3-E1 cells to express the 

differentiated phenotype of osteoblasts, include TGF-B (Meikle et al, 1991) and BMP-2 

(Takuwa et al, 1991). Furthermore, SDS-PAGE separation of the BMX revealed the 

presence of several prominent protein bands at M̂ , 14, 21 and 28 kDa, which were 

similar to the molecular weight bands detected in bovine BMX by Celeste et al (1990) 

and which were subsequently identified as glycosylated forms of BMP-2, BMP-3, BMP- 6
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and BMP-7. In additional work, Bessho et al (1992) reported that BMPs extracted from 

bovine bone consisted of subunits having an M̂  of 20 kDa, and recent work by 

Yoshimura et al (1993) has shown that a water-soluble-inductive protein extracted from 

BMX with bone-inductive activity contained four protein bands of Mr® 18, 16, 14, and 

11 kDa when separated by SDS-PAGE.

Degradation study

The in vitro degradation study showed that bone matrix derived proteins can be 

incorporated into PLA/PGA copolymer implant discs by compression moulding, while 

retaining at least half of the original biological activity. Loss of activity may have 

occurred during the manufacturing and handling procedures much of which took place 

at room temperature; the acidic pH generated in the culture medium during polymer 

degradation to yield lactic acid and glycolic acid may also have contributed. Wozney, 

(1992) has also suggested that acidic pH may effect the osteoinductive ability of growth 

factors. Most of the biological activity (60%, PBS); 75%, DMEM) was released during 

the first week of culture. Whether such a high initial release is undesirable is not known 

at this stage, but both Kapur and Reddi (1986) and Lucas et al (1989) have suggested an 

optimal release period of 3-7 days, the time required for chondrogenic stimulating activity 

to be released from bone matrix explants in vitro. Hollinger et al (1986) and Schakenraad 

et al (1989), have both reported that the rate of degradation is somewhat slower in vivo 

compared to the rate in vitro.

An important requirement of an artificial bone replacement material is the ability to allow 

and support osseous ingrowth. Studies by Hulbert et al (1970) and Klawitter and Hulbert 

(1973) reported that when using ceramic materials a minimal pore/channel size of about 

100 /xm was the optimum for bone tissue ingrowth and 150 /xm for osteone formation. 

The polymer discs developed pores/channels with diameters greater than 100 /xm by week 

2. Although the polymer samples all tend to shrink on drying so that pore size as 

observed by EM does not represent the original dimensions, it does indicate that the 

channels, pores and surface openings which developed as the growth factors were 

released is of the correct order for bone ingrowth.

Polymer Implant

This study demonstrated that calvarial defects in rabbits implanted with PLA/PGA 

copolymer showed a reasonable degree of osseous repair, comparable at least to that of
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control defects (Meikle et al, 1994). Degradation of poly («-hydroxy acids) in vivo usually 

occurs by non-specific hydrolysis and by the action of non-specific esterases and 

carboxypeptidases (Hollinger and Battistone, 1986). In this investigation, however, 

phagocytosis by macrophages and multinucleated giant cells were found to be constant 

features of polymer degradation, particularly during month 1  of the experimental period, 

as shown by the intense staining with CD llb and MHC Class II antibodies. A foreign 

body reaction to PLA/PGA copolymer has been reported by previous investigators 

(Schakenraad et al, 1989; Miyamoto et al, 1992), the extent of which is likely to be an 

important factor in determining the ability of the material to act as an osteoconductive 

substrate. If degradation is too rapid, osteogenic cells will be deprived of a surface on 

which to migrate and secrete bone matrix resulting in fibrous repair, not osseous 

regeneration. The polymer used in this study appeared to behave more as a tissue spacer 

rather than an osteoconductive substrate, and a similar observation was made by Dahlin 

et al{\99\). Furthermore, other biomaterials have been shown to activate cultured human 

monocytes /macrophages leading to the production of IL-115, IL- 6  and TNF (Bonfield et 

al, 1992). These cytokines are not only involved in many aspects of immune rejection, 

but are also potent stimulators of bone resorption (Gowen et al, 1983; Bertolini et al, 

1986), and are likely to resorb any new bone that has been produced. Improvements in 

the biocom-patibility and osteoconductivity of the polymers are therefore required before 

contemp-lating their use clinically as bone graft substitutes. This may be achieved by the 

manufacture of polymers in a porous format, and by the use of higher molecular weight 

materials to reduce the rate of degradation.

Defect Filled With Polymer Plus Bovine BMX

This study demonstrated that bovine BMX-containing implants had an inhibitory effect 

on osseous repair. Histologically, the calvarial defect contained only half the bone 

compared to polymer alone and spontaneous healing (Meikle et al, 1994). A cellular 

immune response was provoked as indicated by the presence of macrophages and CD4^ 

(helper) T-lymphocytes. A humoral immune response was also evident with a high serum 

IgG titre to bovine antigens in the rabbits. Previous workers have claimed that bone 

matrix derived proteins are biologically active across species in the induced osteogenesis 

assay for BMP activity, provided they are purified by gel filtration and reconstituted with 

the extracted bone matrix residue of the host species (Reddi and Huggins, 1972; Sampath 

and Reddi, 1981; 1983). This indicates that differences in the bone inducing effects
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compared to previous reports may lie in the differences in the composition of the BMX 

preparation, although most research to date has involved the implantation of bovine bone 

growth factors into the rat, an experimental model considered as having a high 

regenerative ability in contrast to other animal species.

An alternative explanation is that xenogeneic BMPs are less immunogenic in the rat than 

in higher species. It has previously been suggested that immunogenic or inhibitory 

components in a BMX xenograft are due to matrix components with an M̂  greater than 

50 kDa (Sampath and Reddi, 1983), but no immunological investigation was performed 

to support this conclusion. In the present study Western blot analysis of bovine BMX 

showed that a protein component of 6 6  kDa was recognised by rabbit serum antibodies. 

The most likely candidate for this protein band is BSA which has an M̂  of 6 6  kDa; BSA 

is commonly used as a binding agent in rabbit feeding pellets and the rabbits may have 

been sensitized to the protein prior to the experiment. This may explain that while the 

antibody titre to bone-derived growth factors was maximal at 4 weeks and declined 

slowly by 3 months, the IgG titre to BSA was maintained throughout the 3 month of the 

investigation.

Other investigators have used BMX in non-rodent models with varying success. Sato and 

Urist (1985) used bovine BMP in 14 mm calvarial defect in dogs and reported enhanced 

repair, with a minimal immune response. However, in later studies again with bovine 

BMP they reported partial inhibition of osteogenesis in the same model following second- 

set transplantation, (Nilsson and Urist, 1992). In addition, a report by Hollinger et al 

(1990) in which PLA/PGA impregnated with bovine BMP was used to repair craniotomy 

defects in non-human primates, less than 5% of each site was repaired by bone compared 

to 45% repair for autogenous bone. No immunological response was visible at the defect 

sites, but the finding of the present study suggest that the time-course of the experiment 

(3-6 months) was sufficient for any immune response to subside.

In conclusion, these data suggest that synthetic polymers do have potential as bone graft 

replacement materials. Improvements in the biocompatibility and osteoconductivity of the 

polymers are required, however before contemplating their use clinically as bone graft 

substitutes. Osteoinductivity may be improved by the incorporation of type I collagen and 

proteoglycans into the implants. Previous work has shown that BMP-3 and related protein 

activity is improved with a collagen substratum (Chen and Reddi, 1990; Yoshimura et 

at, 1993) and that proteoglycans function not only as extracellular modulators of growth 

factors and cytokine activity (Burgess and Maciag, 1989; Paralker et al, 1990), but also
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appear to provide protection from enzymatic degradation. It would also seem appropriate 

that where human recombinant proteins such as TGF-B and the BMPs have been used in 

animal models of osseous repair, that the host hnmune response should be investigated 

in much greater detail than to date.

Suggestion for further study

(1) In future studies a purer bovine BMX preparation should be prepared by Heparin- 

Sepharose and hydroxy apatite affinity chromatography, to remove proteins greater than 

50 KDa, such as BSA. Even purified xenogenic bone growth factors are likely to 

stimulate an immune response.

(2) The osteoinductive potential of purified bovine BMX should be established in an in 

vitro assay using C26 cells (Yamaguchi et at, 1991) and W-20-17 cells (Thies et al, 

1992) prior to BMX insertion into polymeric samples.

(3) Allogenic BMX should be extracted and examined in a rabbit model to establish its 

osteogenic property and to observe the intensity of the immune response elicited by the 

rabbit BMX and compare the immune response with bovine BMX.

(4) The choice of polymer and its production should be reviewed, with effects made to 

avoid high construction temperatures and facilitate the incorporation of osteoinductive 

proteins.

(5) The development of a porous format, and by the use of higher molecular weight 

materials, would reduce the rate of degradation and therefore, improve the polymer 

performance.

(6 ) Attempts should be made to determine the effects of sterilization radiation dose on the 

osteoinductive capabilities of polymer incorporated bone matrix extract. If necessary 

alternative sterilization technique should be investigated.

(7) The effects of acid degradation products generated by the PEG delivery vehicle on 

the activity of the incorporated growth factors could be studied, using SDS-PAGE 

analysis.
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METHOD AND MATERIAL 

APPENDIX i

Acétylation of Dialysis Tubing

This was performed according to the procedure described by Roughley et al, (1978), 

whereby the pore size is reduced from a molecular weight of 12,000-14,000 to -3,500. 

Dialysis tubing is acetylated in a mixture of pyridine and acetic anhydride in a ratio of 

3:1 in a glass beaker for 24 hours at room temperature. This is followed by washing the 

tubing in tap water and double-distilled deionised water. The tubing is then boiled in a 

pyrex beaker in either 20% ethanol or 10 M EDTA, 10 mM NaHCO^ to remove any 

bacteria, followed by washing thoroughly in double-distilled deionised water.
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APPENDIX ii

Lowry Protein Estimation Assay 

Solutions

(a) 2% Sodium carbonate in 0.1 N sodium hydroxide.

(b) 2% Potassium sodium tartrate.

(c) 1% copper sulphate 5 H2 O.

(d) Mix (b) and (c) 1:1 v/v (freshly prepared).

(e) Sample solutions of EDTA extracted BMX produced by diluting 2 mg BMX in 2 ml. 

phosphate buffered saline (PBS). Further dilutions of samples were made (1:10 and 1:25) 

using water.

(F) Standard bovine serum albumin solutions were prepared (0.1-1.0 mg/ml).

(g) Dilute 1 ml Folin and Ciocaiteus reagent with 1 ml H2 O to give a yellow solution.

Method

(1) Add 1ml reagent (d) to samples and standards tubes, mix well and allowed solutions 

to stand at room temperature for 10 minutes. A blank consisting of water is run in 

parallel.

(2) With rapid and immediate mixing, add 1 ml Folin and Ciocaiteus phenol reagent to 

each tube and allow colour to develop for 30 minutes.

(3) Transfer solutions to cuvets and measure the absorbance at 750 nm (A7 5 0 ) of the 

samples and standards using the blank as the reference solution

(4) Plot the absorbance values of the standards vs. their corresponding protein 

concentrations to prepare a calibration curve. The protein concentration of the sample was 

determine by using the calibration curve.
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APPENDIX iii 

Tissue culture

All tissue culture procedures were carried out in a sterile laminar flow cabinet (Medical 

Air Technology Ltd, U.K). Tissue culture materials were purchased from Gibco Ltd 

(Paisley, Scotland) and the disposable plastics tissue culture items were obtained from 

(Cel-cult; Sterlin, Feltham, Middlesex, UK).

(1) Dulbecco’s Minimal essential Medium (DMEM)

DMEM (pH 7.2-7.4) was obtained from Gibco Ltd as a 10 X concentrate and diluted to 

a single strength with double-distilled water, and supplemented with the following;

(a) 10 % foetal calf serum (PCS), heat-inactivated in a water bath at 56°C for 30 

minutes).

(b) Sodium bicarbonate 2.25 g/L.

(c) L-glutamine 2.0 mM.

(d) Penicillin 100 u/ml and Streptomycin 100 jug/ml.

(e) Kanamycin 100 u/ml.

(2) Powdered DMEM

(a) Sodium bicarbonate 3.7 g/L.

(b) L-glutamine 584 mg/L.

(c) Penicillin G 100,000 units/L (MW = 1670).

(d) Streptomycin sulphate 100 mg/L.

(e) DMEM powder 13.65 g/L (Flow, ICN, U.K).

The DMEM media solution is sterile filtered using Sartorius minisart filters, pore size 

0.2 jLtm). The pH of the final mixture should be 7.2-7.4.

(3) Trypsin-EDTA Solution

Consisting of 0.5 g trypsin (1:250) and 0.2 g EDTA/ litre of modified Pucks saline A.
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APPENDIX iv 

Reagents For SDS-PAGE

(1) Sample buffer

20% (v/v) Glycerol.

10% (v/v) jg-mercaptoethanol (jS-ME).

4.6% (w/v) Sodium dodecyl sulphate (SDS).

0.125 M Tris-HCl pH 6 .8 .

0.1% Bromophenol blue.

(2) Acrylamide stock (30%)

Acrylamide 73 g.

Bis-acrylamide 2 g.

in 250 ml distilled water, filtered through Whatman No.l and stored in the dark in the 

fridge.

(3) Running gel

1 2 %

acrylamide stock 4.0 ml 2 . 0

distilled water 3.4 ml 5.4

1 M Tris pH 8 . 8 2.4 ml 2.4

10 % SDS 1 0 0  fi\ 1 0 0 /xl

Ammonium persulphate (APS)(100 mg/ml) 150 150/xl

APS must be made fresh as it lasts < 4 hours 

N, N, N ’ ,N ’ -Tetramethylethy lenediamine ISOfil 150/xl

(TEMED)

(4) Stacking gel

0.8 ml acrylamide stock (30%).

2 . 8  ml distilled water.

1.2 ml 0.5 M Tris pH 6 .8 .

50 10% SDS.

7 fi\ TEMED.

70 fx\ APS (100 mg/ml).

The above running and stacking gel quantities are sufficient for two gels of 0.75 mm 

thickness.

(5) Gel running buffer (pH 8.3)

Glycine 14.4 g/L.
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Tris 3.0 g/L.

SDS 1 g/L.

(6 ) Coomassie Blue stain

Coomassie Blue R250 in 400 ml Destain, and filter through Whatman No.l.

(7) Destain

30% ethanol or methanol.

7% acetic acid, made up in distilled water.

(8 ) SDS molecular weight markers, MW-SDS-70L KIT (Sigma, UK). 5 fi\ is added to 

a gel lane.

(9) Blot buffer (pH 8.3)

Tris-Base 3 g/L.

Glycine 14.4 g/L.

Methanol 200 ml/L (Do not pH or use if slightly pink).

(10) Amido black 

0 . 1 % naphthalene black.

1 0 % acetic acid (glacial).

45% distilled water.

45% methanol.
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APPENDIX V 

ELISA

(1) The optimal concentration of antigen (BMX) used for ELISA was determined in a 

preliminary experiment by testing various concentrations of BMX against positive stan

dard serum. The optimal concentration of the BMX was found to be 20 /xg protein/ml.

(2) High control (rabbit anti-BMX y  globulin)

500 fjLg of BMX was dissolved in 1 ml saline, followed by adding the protein dropwise 

to 1ml of Freund’s complete adjuvant. This was homogenized with a syringe and needle 

to a white cream after each addition. Homogenizing continued until a stable water-in-oil 

emulsion was obtained. This was followed by injecting 1 ml of the emulsion intra

muscularly into each hindquarter of the rabbit. One weeks later the injection was 

repeated. After two further weeks a 5 ml sample bleed was taken from the central ear 

vein. Precipitation was observed within 1-2 min with this serum using the interfacial ring 

test.

(3) Serum samples

Serum samples were obtained from rabbits which were anaesthetized with 0.2 mg/kg of 

pentobarbitone intravascurlarly and exsanguinated via the heart. The blood was collected 

into a universal tube and allowed to clot at 37°C for 60 min, followed by centrifugation 

at 3000 rpm at room temperature. The serum was removed and stored at -20°C until 

required.

Serum tested in this assay came from; pre-implanted rabbits, rabbits with polymer-BMX 

implants and rabbits with polymer implants alone.

(4) Conjugate

Horseradish peroxidase conjugated goat anti-rabbit IgG (whole molecule, affinity purified; 

Sigma) was used at an optimal concentration of 1:1000 diluted in 1% PBST/milk.

(5) Substrate

1.92 gm of citric acid was dissolved in 100 ml of distilled water to give 0.1 molar citrate 

buffer and pH to 5.1. The required amount of tetramethyl-benzedine dihydrochloride 

(TMB; Sigma) was dissolved in 1 ml of distilled water, then transferred to citric buffer 

to give a final concentration of 0 . 1  mg/ml. 0 .0 1 % hydrogen peroxide was added 

immediately before the reaction (0.1-0.4 ^1/ml).
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(6 ) Coating buffer: (phosphate buffered saline (PBS), pH 1,2-1 A)

8.0 g/L NaCl (Sodium chloride)

1.15 g/L NazHPO^ (Sodium hydrogen orthophosphate)

0.2 g/L KCl (Potassium chloride)

0.2 g/L KH2 PO4  (Potassium dihydrogen orthophosphate)

(7) Washing buffer: (PEST)

PBS and 0.05% (v/v) Tween-20 (Sigma chemical, Poole, UK).

(8 ) Blocking buffer:

1 % (w/v) semiskimmed dried milk (Sainsbury, pic) made up in washing buffer.
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APPENDIX vi 

Immunocytochemistry

(1) Antibodies

Murine Monoclonal antibodies to rabbit leucocytes antigens used included; a) CD4, 

helper T-cell subset; b) CDllb, MAC-1 epitope expressed on neutrophils, monocytes, 

and macrophages; c) CD44, expressed on T-cell, B-cell subset, neutrophils, macrophages, 

fibroblasts, platelets and red blood cells; d) MHC II (R-DQ), on activated mononuclear 

phagocytes; and e) MHC I found on most nucleated cells. These antibodies were obtained 

from Serotec, Kidlington, UK.

(2) Materials

Tris buffer (TBS) for washing tissue sections.

60.6 gms/L Tris-HCl.

13.9 gms/L Tris pH to 7.6 with HCl (stock solution).

8.76 gms/L (For use:- Add 9 parts NaCl and 1 part of Tris Stock (Made fresh).

Goat serum.

Monoclonal antibodies.

Fast red (1 mg/ml).

Naphthol-AS-phosphate disodium salt (0.2 mg/ml).

Acetone.

Levamisole 0.1 molar (0.24 gms/10 mis distilled water).

Dimethylformamide.

Biotinylated affinity isolated goat anti-Ig to mouse Ig (1/200).

Alkaline phosphatase conjugate strepatvadine (1/200).

Bovine serum albumin.
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Appendix vil

(1) Haematoxylin-Eosin Stain

(a) Frozen sections were sectioned at 6  fim in bright cryostat and fixed in acetone:- 5 

minutes.

(b) Wash in tap water:- 2 minutes.

(c) Stain in Haematoxylin:- 8  minutes.

(d) Wash in warm tap water, followed by distilled water:- 2 minutes.

(e) Differentiate in acid alcohol:- 25 seconds.

(f) Wash in warm tap water until blue, checking with microscope.

(e) Stain with eosin:- 3 minutes.

(f) Wash in tap water and distilled water:- 2 minutes.

(g) Rinse in IMS:- 2 minutes.

(h) Rinse in fresh IMS:- 3 minutes.

(i) Clear in xylene:- 2 minutes.

(J) Mount.

Stains:-

Cytoplasm -varying shades of pink

Nuclei -blue/black

Red blood cells -orange/red

Fibrin -deep pink

(2) Herovici Stain (Methyl Blue-Van Gieson Technique)

Materials

Modified van Gieson’s stain;

0.05% Aqueous methyl blue 50 mis

0.1% Acid fuchsin in saturated aqueous picric acid 50 mis

Mix, then add

Glycerol 10 mis

Saturated aqueous lithium carbonate 0.5 mis

Method

(a) Fix section in formyl-saline:- 2 minutes.

(b) Take section to water.
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(c) Stain nuclei with haematoxylin solution:- 2 minutes.

(d) Stain with modified van Gieson’s solution:- 2 minutes.

(e) Wash in 1% acetic acid:- 2 minutes.

(f) Dehydrate .

(g) Clear in xylene:- 2 minutes.

(I) Blot section carefully and mount.

Stains :-

Nuclei -brown-black

Reticulin, young collagen and fibrin -blue

Mature collagen -red

Red blood cells and blood vessels -yellow
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RESULTS 

Appendix i

LOWRY PROTEIN ESTIMATION.
TABLE (i). ABSORBANCE FOR PROTEIN STANDARD.

PROTEIN
CONCENTRATION

(mg/ml)

ABSORBANCE 
(750 nm)

MEAN (SD)

0.078 0.095/0.103 0.099 (0.0056)

0.156 0.19/0.175 0.183 (0.0106)

0.313 0.339/0.341 0.340 (0.0014)

0.625 0.539/0.517 0.528 (0.0155)

1.25 0.878/0.865 0.872 (0.0091)

2.5 1.14/1.137 1.140 (0.0021)

A calibration curve was plotted (Fig i) using standard absorbance values (Table i) and the 

BMX mean protein concentration (Table ii) calculated by reading off against absorbance 

values (Fig i). SD = Standard Deviation.

Ec
o

ooco
o
<n

- Q
<

1.200

1. 0 0 0 "

0 .8 0 0 "

0 . 6 0 0 "

0 . 2 0 0 "

0 . 0 0 0 -1—  

0.000 0.500 1.000 1.500 2.000 2.500 3.000

Total protein concentration (mg/ml)

Figure i. Calibration curve of absorbance values for protein standards vs their protein 

concentration, used to calculate the protein concentration in the BMX preparation.
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Table (ii). BMX PROTEIN CONCENTRATION ESTIMATED USING THE LOWRY 
METHOD.

BMX
(lOmg/ml)

DILUTION

ABS
(750nm)

PROTEIN
CONC.

PROTEIN 
CONCENTRATION 

X DILUTION

MEAN (SD) 
PROTEIN 

CONC. (mg/ml)

1:5 0 . 2 0 0.24 1 . 2 1.70

1 : 2 0 0.9 0 . 1 1 2 . 2 (0.707)
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Appendix ii

TABLE (ill). BALB/c/313 ASSAY FOR PCS.

PCS
(/xl/well)

pHJTHYMIDINP
INCORPORATIONS
disintergrations/min

(dpm)

MEAN
(SD)

MINUS 
BACKGROUND 

COUNT 
(dpm xlO"̂ )

0 8130/6753 7441 (973.7) -

2 42117/94484 68300 (37029) 6.0899

5 101754/99734 100744 (1428.4) 9.3333

1 0 148331/297387 222859 (105398) 21.545

15 256150/258072 257111 (1359) 24.967

2 0 240001/240200 240101 (140) 23.967

30 275477/269383 272430 (4309) 26.500

40 251099/261921 256510 (7652) 24.909

50 240199/126010 249199 (14072) 24.179

The maximum recorded pH]-TdR incorporation stimulated by PCS was 25.588 x 10̂  

dpm.
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Table (iv). BALB/c/3T3 ASSAY FOR BMX.

SAMPLE*
BMX

(jul/well)
(CONC
/xg/ml)

[3H]-THYMIDINE 
INCORPORATIONS 
disintegrations/ min 

(dpm)

MEAN
(SD)

MINUS 
BACKGROUND 

COUNT 
(dpm X 1 0 "̂)

PROTEIN+
CON.(Axg)/

WELL

0 7441 - - -

2  (2 0 ) 100001/131459 115729
(22244)

10.832 3.4

1 0  ( 1 0 0 ) 204568/174691 189629
(21125)

18.222 17

2 0  (2 0 0 ) 176502/228301 202401
(36627)

19.499 34

30 (300) 168304/210076 189190
(29537)

18.178 51

50 (500) 58193/55939/55952 56694
(1297)

4.928 85

1 0 0  ( 1 0 0 0 ) 15401/11061/10755 12405
(2598)

0.499 170

1 2 0  ( 1 2 0 0 ) 3075/5115 4095
(1442)

- 204

150 (1500) 1014/915/1032 987
(63)

- 255

* 10 mg of BMX was dissolved in 1 ml distilled water and in above experiment. 

^Protein content added to each well (10 mg BMX = 1.7 mg of protein, therefore: 10 /xg 

BMX = 1.7 /xg protein).

The maximum stimulated pH]-TdR incorporation by BMX was 19.5 x 10̂  dpm.
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APPENDIX iii

TABLE (v). ABSORBANCE VALUES FOR ALKALINE PHOSPHATASE 
STANDARD.

ALKALINE 
PHOSPHATASE 
CONC. (/xg/ml)

ABSORBANCE 
(405 nm)

MEAN SD

1 0 0.535/0.582/0.618 0.578 0.0416

5 0.303/0.318/0.361 0.327 0.0301

2 0.164/0.147/0.154 0.155 0.0085

1 0.153/0.159/0.136 0.149 0.00119

0.500 0.081/0.101/0.107 0.096 0.0136

0.250 0.075/0.087 0.081 0.0084

0 . 1 0 0 0.078/0.056 0.067 0.0155

0.050 0.056/0.054 0.055 0.0014

1.400

1 . 2 0 0 - -

1.0 0 0 -Ec  
m
â  0.800 4- 0)
§ 0.600 +

0 .4 0 0 -

0 . 2 0 0 -

0.000
4  8  12 16 20 24

Alkaline phosphatase concentration (/xg/ml)

Figure ii. Calibration graph of absorbance values of alkaline phosphatase standards, 
used to estimate the BMP activity in the BMX.
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TABLE (vi). MC3T3-E1 ASSAY.

PROTEIN*
CONC.
(/xg/ml)

ABSORBANCE 
(405 nm)

MEAN ALKALINE
PHOSPHATASE
CONC.(j[xg/ml)

MEAN
(SD)

0 0.322/0.341 0.332 5.3 5.15
0.333/0.326 0.329 5.0 (0 .2 1 2 )

1.7 0.432/0.424/0.440 0.432 7.1 5.97
0.337/0.351/0.365 0.351 5.5 (0.986)
0.337/0.366/0.344 0.339 5.3

3.4 0.611/0.575/0.578 0.588 1 0 . 2 9.85
0.577/0.681/0.399 0.552 9.5 (0.494)

13.6 0.591/0.537/0.782 0.636 1 1 . 1 1 1 . 1

17 1.037/1.249/1.354 1.213 22.5 2 2 . 2

1.106/0.899/1.423 1.143 2 1 . 1 (0.945)
0.996/1.230/1.466 1.230 22.9

34 0.506/0.479/0.651 0.545 9.4 8 . 6

0.451/0.491/0.539 0.494 8.4 (0.764)
0.494/0.478/0.422 0.465 7.9

42.5 0.416/0.404/0.329 0.383 6 . 2 5.03
0.336/0.323/0.360 0.339 5.3 (1.32)
0.241/0.251/0.252 0.248 3.6

85 0.284/0.286/0.275 0.281 4.2 5
0.322/0.312/0.341 0.325 5.0 (0 .8 )
0.411/0.370/0.322 0.368 5.8

170 0.194/0.237/0.192 0.208 2 . 8 2 . 6

0.208/0.184/0.197 0.196 2.5 (0.173)
0.211/0.222/0.167 0 . 2 0 0 2.5

* 10 mg of BMX was dissolved in 1 ml distilled water in this assay, therefore;- 10 /xg 

BMX = 1.7/xg protein.

A calibration curve was plotted (Fig ii) using standard absorbances (Table v) and the 

BMP activity in the BMX (Table vi) was calculated by reading off against absorbance 

values (Fig ii).
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TABLE (vii). TIME COURSE CE ACTION OF BMX ON ALKALINE 
PHOSPHATASE OF MC3T3-E1 CELLS GROWN IN SERUM-FREE MEDIUM.

TIME
(DAY)

ABSORBANCE 
(405 nm)

MEAN ALKALINE
PHOSPHATASE
CONC.()Lig/mI)

MEAN
(SD)

0 0.978/0.976/0.666
0.794/0.823/0.851

0.874
0.822

15.80
14.80

15.30
(0.71)

B*
M

0.5 0.846/0.824/0.855
0.924/0.834/0.849

0.841
0.869

15.20
15.70

15.45
(0.353)

X 1 1.307/0.754/1.779 1.280 24.00 24.00

2 0.748/0.823/0.766
0.751/0.639/0.474

0.776
0.621

14.00
10.80

12.40
(2.26)

3 0.481/0.529/0.562
0.587/0.529/0.420

0.524
0.512

8.90
8.70

8.83
(0.141)

C
0 0.746/0.755/0.740

0.836/0.722/0.745
0.753
0.767

13.45
13.70

13.58
(0.176)

o
N
T

0.5 0.730/0.720/0.695
0.739/0.750/0.717

0.715
0.734

12.70
13.05

1 2 . 8 8

(0.247)

R
0

1 0.630/0.585/0.601
0.695/0.630/0.622

0.608
0.649

10.60
11.45

11.03)
(0.601)

L
2 0.435/0.630/0.593

0.575/0.595/0.495
0.553
0.555

9.50
9.60

9.55
(0.071)

3 0.414/0.430/0.395
0.475/0.386/0.425

0.413
0.429

6.80
7.10

6.95
(0 .2 1 2 )

*10 ptg/well of BMX is added to each well.

The maximum peak of ALP occurred after 24 hours.
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APPENDIX iv

In vitro degradation experiment:- From the growth factor assay 5.8 mg BMX

contained 1 mg protein and 76 GPUs. The polymer discs contained 30 mg BMX (1:9

W/W), which is equivalent to 5.2 mg of protein and 393.0 GPUs.

LOWRY PROTEIN ESTIMATION USED FOR POLYMER DEGRADATION 
ASSAY.
TABLE (viii). ABSORBANCE FOR PROTEIN STANDARD

PROTEIN ABSORBANCE MEAN
CONCENTRATION (mg/ml) (750 nm) (SD)

0.0391 0.077 0.076
0.074 (0 .0 0 2 1 )

0.0782 0 . 1 2 0 0 . 1 2 2

0.123 (0 .0 0 2 1 )

0.156 0 . 2 1 1 0 . 2 1 2

0.213 (0.0014)

0.312 0.345 0.332
0.319 (0.018)

0.625 0.687 0.678
0.667 (0.014)

Ec
ounr>>
ouconoto

_o<

0.800

0 .6 0 0 -

0 .4 0 0 -

0 .2 0 0 -

0.000
0.000 0.200 0.400 0.600

Total protein concentration (mg/ml)
0.800

Figure iii. Calibration curve of absorbance values for the protein standards, used to 

calculate protein concentration released from polymer RG503 over 5 weeks.
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TABLE (ix). BALB/C/3T3 ASSAY FOR PCS, USED TO CALCULATE GFU 
RELEASED FROM BMX-POLYMERS OVER FIVE WEEKS.

FCS
(/xl/well)

[%] THYMIDINE 
INCORPORATIONS 

disintegrations/min 
(dpm)

MEAN
(SD)

MINUS 
BACKGROUND 

COUNTS 
(DPM X 10̂ )

0 1759/1581/1690 1677(89.8) -

2 69673/63329/81111 71371(9011) 69694

5 179181/190657/167485 179107(11586) 177430

1 0 156028/147598/260205 187943(62721) 186266

15 193585/267340/246884 235936(38076) 234259

2 0 271577/279934/292125 281212(10333) 279535

25 286798/293305/281290 287131(6014) 285454

30 306088/236175/333049 291770(49998) 290093

40 182582/229086/231685 214451(27629) 212774

50 179181/190657/167485 179107(11586) 177430

TABLE (x). BALB/C/3T3 ASSAY FOR FCS, 
RELEASED FROM BMX-POLYMER OVER

USED TO CALCULATE THE GFU 
FIVE WEEKS.

FCS
Ad/Well

[̂ H] THYMIDINE 
INCORPORATION 
disintegrations/min 

(dpm)

MEAN
(SD)

MINUS 
BACKGROUND 

COUNT 
(dpm X 10"*)

0 2001/2643/2914 2519(468) -

3.5 23463/33852/39377 32230(8079) 29711

5 36518/34676/38540 36578(1932) 34059

1 0 114412/104310/102874 107198(6288) 104679

2 0 179063/177680/154298 170347(13916) 167828

25 212396/243159/238957 231504016680 228985

30 376458/336114/338655 350409(22594) 347890

40 582182/262542/342711 395811(166304) 393292

50 372550/373470 373010(650) 370491

60 338480/267026/220544 275350(59407) 272831
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Figure iv. Standard curve for quantitation of growth factors activity in FCS 

BALB/C/3T3 murine fibroblasts, used to determine mitogenic activity released by 

polymer over 5 weeks. The maximal value for curve (a) was 292,000 dpm, and the 

maximal value for curve (b) 398,000 dpm.
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TABLE (xi). RELEASE OF PROTEIN FROM BMX-POLYMER DISCS INTO 
DMEM OR PBS OVER FIVE WEEKS.

BUFFER
SYSTEM

SAMPLE
NUMBER

pH
Mean

WEEKS MEAN
PROTEIN
CONC.
(mg/ml)

SD * 2 -tail 
probab 
-ility

DMEM 1 0 7.37
FIRST

0.455 .0751

PHOSPHATE 1 0 7.35 0.399 .0550 0.410

DMEM 1 0 7.23
SECOND

0.065 .0280

PHOSPHATE 9 7.25 0.047 .0154 0.148

DMEM 1 0 6.85
THIRD

0.018 .0188

PHOSPHATE 1 0 6.55 0 . 0 0 2 .0041 0.041

DMEM 9 4.95
FOURTH

0.008 .0092

PHOSPHATE 1 0 4.88 0.033 .0260 0.051

DMEM 9 4.79
FIFTH

- - -

PHOSPHATE 9 4.84 - - -

*Mann-Whitney U Test
TABLE (xii). RELEASE OF GROWTH ACTIVITY FROM BMX-POLYMER 
DISCS.

BUFFER
SYSTEM

SAMPLE
NUMBER

WEEKS MEAN
GFU

(GFU/ml)

SD * 2 -tail 
probab

ility

DMEM 1 0

FIRST
15.8 5.90

0.1124PHOSPHATE 1 0 11.5 5.61

DMEM 9
SECOND

1 . 6 6 1.270

0.0191PHOSPHATE 1 0 7.40 5.240

DMEM 1 0

THIRD
0.64 0.620

0.0266PHOSPHATE 1 0 0 . 0 2 1 0.066

DMEM 1 0

FOURTH
2.78 4.330

0.0052PHOSPHATE 1 0 - -

DMEM 1 0

FIFTH
0.087 0.093

0.5946PHOSPHATE 1 0 0.065 0.075

*Mann-Whitney U Test
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Inoder to work out the growth factor units released from the polymers over the five 

weeks two foetal calf serum curves were constructed (Figure iv) as two seperate 

experiments were performed, and the results pooled together. For curve (a), the 

maximal response was 292,000 dpm. Therefore, 1 GFU = (0.5 x 292,000) =

146,000 dpm. For curve (b), the maximal response was 398,000 dpm. Therefore, 1 

GFU = (0.5 X 398,000) = 199,000 dpm.

DMEM

From the Lowry protein assay, it was calculated 0.546 mg/ml protein was released 

over 5 weeks, and the total volume collected over the same period came to 9 mis. 

Therefore:- 9 x 0 .5 4  = 4.91 mg protein released into 9 mis.

Therefore; (4.91 4 - 5.17) x 100 = 94.9%. So from 94.9% of the original protein 

added to the polymer discs was recovered.

The growth factor assay showed that over 5 weeks 20.83 GFU’s were released into 1 

mis of the medium from the polymer discs, but 9 mis of media was collected over this 

period.

Therefore, 9 x 20.83 = 187.5 GFUs/ 9 mis of medium.

Therefore;- (187.5 4 - 393) x 100 = 47.7%. This shows that 47% of the original 

GFUs added to the polymer discs was recovered.

PBS

From the data collected using the Lowry protein assay, it was calculated 0.482 mg/ml 

protein was released over 5 weeks in a total volume of 9.7 mis. Therefore, 9.7 x 

0.482 = 4.67 mg of protein released into 9.7 mis. Therefore;- (4.67 4 - 5.12) x 100 

= 91.3%. So, 91.3% of the original protein added to the polymer disc was 

recovered.

The growth factor assay showed that 19.2 GFU were present in 1 ml, but 9.7mls of 

the medium was collected over 5 weeks. Therefore, 9.7 x 19.2 = 186.24 GFUs/ 9.7 

mis. Therefore;- (186.24 4 - 393.1) x 100 = 47.4%. So, 47.4% of the original GFUs 

added to the polymer discs was recovered.
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Appendix v 
ELISA
TABLE xiii PRE-IMMUNE SERUM; PERCENTAGE BINDING OF SERUM IgG ANTIBODY TITRE TO BMX.

(11 121 (31 (4 ) (51

SJÜIPLI XBS ABS % ABS ABS % ABS %
MKAM BIHDINQ MEAN BIMDIMO MEAN BIMDIMO MEAN BIMDIMO MEAN BIMDIMO

1 50 007 0 010 0 039 Oil 0 015 0 313 .030 0 OS
LCl 002 0105 .011 Oil .029

1 : 250 001 0 006 0 . 25 Oil 0 195 004 0 095 0.234
LCl 005 . 0015 .010 005 092

1 1250 004 0 .001 0 158 003 0 001 0 .060 1 02
LCl 005 .001 . 004 .001 .047

1 6250 .001 0 .003 0 . 9 004 0 .006 0.391 .030 0.47
LCl 000 .001 .007 001 .036
HCo
LCo 1 282 

001
1 . 279

HCo. HIGH CONTROL
LC . I : bO, 1 2SÜ, 1:1250, and 1:6250 |% Binding calculated, using L, - L„, x 1001

TABLE XIV I MONTHS POST-IMPLANTATION. PERCENTAGE BINDING OF SERUM IgG ANTIBODY TITRE TO BMX

P I -  POLYMER IMPLXNT
P H I .  POLYMER HONE MATRIX IMPIJENT
ABS -  ABSORBANCE MEAN AT «OS nm



TABLE XV 2 M ON TH S POST IM PL A N T A TIO N ; PERCENTA G E BINDING O F SERUM  IgG ANTIBODY TITRE TO  BMX.

P-B-I P-B-I

S A J U L t XB8
MXAM

ABS
MXAM

ABS
MXAM

ABS
BINDIN BINDINBINDIM BIM DIM

1:50LCl . 7 0 8
. 0 5 4

5 0 . 31 . 0 5 1 . 0 6 5 4 . 986 5.014089
019

. 0 5 806 9
1 ; IS O  

LC l
65 00 12

599 
. 147

.029
0151 : 1250 

LCl
IS 9 078

006
. 003 32.7014

005 . 182 
062

213
006

.032
000

. 004 
004

001
007 049104

009HCo

0 01

P I -  POLYMER IMPLANT

P E I -  POLYMER BONE MATRIX-IMPLANT

TABLE XVI TMONTHS POST IMPLANTATION. PERCENTAGE BINDING OF SERUM IgG ANTIBODY TITRE TO BMX.

P B - I P-B-I

SAMPLK ABB ABS
MXAM

ABS ABS
BIMDIMB IM D IM

45 2 8 6 2
.059

46 0 . 941 631
. 0 2 9

47 1049
0 5 2LCl

1:250
LCi

.427 

. 105
. 201 
. 0 0 2

15 . 7 4 0 2
0 2

29 9019 417
038

28.2001
0 2 2

1 0 . 8 .053
.005

. 022 . 0 1 2
. 0 1 4

. 1 1 4  
0 3LCi 016

1 : 6250 
LCl 016

.025
027
0 3 4

0 1 2
0.00

. 0 2 2 1 .72
.007

HCo
LCo 1 . 2 8 2 7 81 345

0 . 0 0.008

P-I- POLYMER IMPLANT

P B - I -  POLYMER BONE MATRIX - IMPLANT
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Figure v. First month post-implantation. The wells were coated with 20 /ig/ml BMX 
in PBS, incubated with serial dilutions of rabbit sera and developed with the conjugate 
and fresh substrate. Antibody titers are expressed as dilutions of serum giving 30% of 
binding of the standard positive hyperimmune serum.
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Figure vi. Second month post-implantation. The wells were coated with 20 /xg/ml 
BMX in PBS, incubated with serial dilutions of rabbit sera and developed with the 
conjugate and fresh substrate. Antibody titers are expressed as dilutions of serum 
giving 30% of binding of the standard positive hyperimmune serum.
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Figure vii. Third month post-implantation. The wells were coated with 20 /xg/ml 
BMX in PBS, incubated with serial dilutions of rabbit sera and developed with the 
conjugate and fresh substrate. Antibody titers are expressed as dilutions of serum 
giving 30% of binding of the standard positive hyperimmune serum.

The mean ± SEM serum IgG anti-BMX antibody titre from 1 month to 3 month is 

shown in Table xvii, worked out using Fig v, vi, and vii.

TABLE XVII. IgG ANTI-BMX ANTIBODY TITRES.

MONTH

SERUM IgG ANTIBODY 
TITRE 

MEAN ± SEM SD

1

1878 264.3 591

2

628 294.3 588

3
180 28.60 57.1
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Bone-derived growth factor release 
from poIy(a-hydroxy acid) implants 
in vitro
M.C. Meikle*§, W.-Y. Mak*, S. Papaioannou*, E.H. Davies'!', 
N. Mordan* and JJ. Reynolds^
*Department of Orthodontics, ^Department of Biomaterials, ^Electron l\^icroscopy Unit, Institute of Dental 
Surgery, University of London, 256 Gray’s  Inn Road, London WC1X 8LD and §Ce// and f^olecular Biology 
Department, Strangeways Research Laboratory, Worts Causeway, Cambridge CB1 4RN, UK

Matrix p ro te in s w ere  e x tra c ted  from  b o v in e  cortica l b o n e  and polym er im plant d isc s  
(13  m m  X 2 m m  c o m p o s e d  of 5 0 :50  poly D L -lactid e-co -g lyco lid e; m ol. wt. ~  9 0 0 0 ) p rep a red  by 
c o m p r e ss io n  m ould in g  g r a n u le s  withi lyoph ilized  b o n e  m atrix ex tra c ts  (BMX) 10.1 (w /w ). BMX- 
co n ta in in g  p o ly m ers  w ere  cu ltured  for 5 wk in e ith er  se r u m -fre e  D u lb e c c o ’s  m od ification  of 
E a g le ’s  m ed ium  (DMEM) or p h o sp h a te  buffer, and  grow th factor  activity r e le a se d  into th e  m ed ia  
a ss a y e d  by its ability to  stim u la te  th e  proliferation of m urine fib rob last B A L B /c/S T S  ce lls .  
A p p rox im ate ly  6 0 -7 5 %  of th e  b io lo g ica l activity w a s  r e le a se d  during th e  first w e ek  of culture; 
h ow ever, le s s  than half of th e  grow th factor  un its originally  in corp orated  into th e  im plants  
reta in ed  b io lo g ica l activity. S c a n n in g  e lectro n  m icr o sc o p y  rev ea led  th e  d e v e lo p m e n t of 
sign ifican t internal porosity  by w e ek  2; th e  s iz e  of th e  c h a n n e ls , p o r e s  an d  su r fa c e  o p e n in g s  
s u g g e s te d  th ey  w ere  of th e  right o rd er  for b o n e  ingrow th. T h e se  prelim inary fin d in g s s u g g e s t  
that p o ly (a -h y d ro x y  ac id ) p o ly m ers  co n ta in in g  b o n e -d er iv ed  grow th fa c to rs cou ld  ha v e  potential 
for stim ulating  o s s e o u s  reg en era tio n  in vivo.

K eyw ords: B o n e-d er ived  grow th  factors, p o iy (a -h yd ro x y  acid), artificiai bon e, b o n e  regenera tion  
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The reconstruction o f developm ental and surgical osseous 
defects is currently dependent upon an adequate supply  
of autogenous or allogeneic bone. The amount of 
autogenous bone available for transplantation is limited, 
however, particularly in children. The harvesting operation 
carries w ith it the risk o f post-operative com plications, in 
som e instances o f greater m agnitude than the primary 
procedure itself. A llogeneic bone has been su ccessfu lly  
used in osseous reconstruction^’ ,̂ and offers several 
advantages over autogenous bone, including the avoidance 
of a harvesting operation, ease o f m anipulation, and 
potentially unlim ited material in banked form. N everthe
less, the banking o f bone is a com plex procedure; donor 
selection, screening, procurement and storage are time- 
consum ing and expensive^. M oreover, the potential 
transm ission o f in fections such as hepatitis, AIDS and 
Creutzfeldt-Jakob d isease raises doubts about its future. 
As a consequence, the search for suitable alternatives to 
autogenous and allogeneic bone has intensified  over the 
past decade.

A lloplastic m aterials such as hydroxyapatite (HA) and 
collagen -H A  com posites have been tried as possible

Correspondence to Dr M.C. Meikle.

alternatives'*'®. Im plants of this type, however, do not 
appear to induce significant osteogenesis and function  
more as inert biocom patible ‘filler’ materials. More 
prom ising are synthetic polym ers such as the poly(a- 
hydroxy acids), poly(lactic acid) (PLA) and poly(glycolic 
acid) (PGA). Originally form ulated as biocom patible, 
biodegradable suture materials®, they have been used  
experim entally for osseous repair as either hom o
polym ers, copolym ers or com posites w ith  HA^’®. N one
theless, although such polymers behave as osteoconductive 
substrates, providing a scaffold  on to w hich vascular and 
bone cells can migrate, they are not inherently osteo
inductive. The incorporation of growth factors w ith  the 
ability to stim ulate osteogenesis into the polym er matrix, 
thus represents the next logical step in the developm ent 
of an artificial bone implant material.

The aim o f the present investigation, therefore, w as to 
test the feasib ility  of using PLA/PGA copolym ers as 
controlled-release delivery veh icles for bone-derived  
growth factors. U sing an in vitro  m odel system , w e  
dem onstrate that growth factors extracted from bovine  
cortical bone and incorporated into polym er implant 
discs by com pression m oulding, are released into the 
culture m edium  as the im plants undergo hydrolytic 
degradation.

© 1993 Butterworth-Heinemann Ltd
0142-9612/93/030177-07
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Table 1 Poly(a-hydroxy acids) investigated and their 
properties

Polymer Mol. wt. IV GTT(°C) Crystallinity

50:50 poly(D,L- 
lactide-co-glycolide)  
:R esom er RG503

9000 0.4 4 0 -5 5 am orphous

Poly(D,L-lactide) 
:R esom er R104

2000 5 -2 5 am orphous

Poly(L-lactide) 
:R esom er LI04

2000 3 0 -4 5 crystalline

50:50 poly(D,L- 
lactide-co-glycolide)  
:R esom er RG508

39 000 1.2 4 0 -5 5 am orphous

Mol.  wt. ,  a p p r o x i m a t e  a v e r a g e  m o l e c u l a r  w e i g h t ;  IV, a p p r o x i m a t e  i n h e r e n t  
v i s c o s i ty ;  G T T ,  g l a s s  t r a n s i t i o n  t e m p e r a t u r e .

MATERIALS AND METHODS 

Preparation of polymer discs
The poly(a-hydroxy acids) used w ere in the form of 
prepolymerized granules (Boehringer Ingelheim, Germany); 
their properties, as supplied by the m anufacturer, are 
show n in Table 1. Polym er discs (13 mm X 2 mm) were 
produced by com pression m oulding based on the method  
of A sano e t al.^, in a Specac pellet die (Spectroscopic 
A ccessory Co, St Mary Cray, Kent, UK) at an initial die 
temperature of 50°C in a Perkin-Elm er hydraulic press; 
the com pressive force (~  11.3 X 10  ̂kg/cm^) w as m ain
tained for 1 0  min. To prepare im plants containing growth 
factor activity, polym er granules w ere m ixed with  
lyophilized bone m atrix extracts 1 0 . 1  (w/w) and com 
pression moulded as above. A ll d iscs w ere sterilized by y-  
irradiation (25 k C y; Isotron pic, Swindon, W ilts, UK) and 
used immediately for each experiment, since y-irradiation 
has been show n to accelerate the degradation rate of 
PCA and poly(D,L-lactide/glycolide) polymers^”’ This 
radiation dose, currently used by bone banks for 
sterilization of bone tissue, has been show n to have no 
effect on the osteoinductive properties o f dem ineralized  
bone matrix^^.

Preparation of bone matrix extract
The extraction protocol w as based on previously  
published methods^^. Cylinders of bovine cortical bone 
were quartered, cooled in liquid Ng and fragm ented  
before being reduced to a fine powder in a Spex freezer 
mill (Clen Creston, Stanmore, M iddlesex, UK). The dry 
bone powder w as suspended in 0.02 M Tris-HCl, pH 7.4 
at 4°C for 2 0  min, centrifuged ( 2 0 0 0  g) for 1 0  min and the 
supernatant discarded. Extraction o f the bone powder 
w as accom plished by resuspension w ith  gentle stirring 
for 24 h at 4°C in 0.5 M am monium  EDTA, 0.02 M Tris- 
HCl, pH 7.5. At the end of the extraction procedure the 
supernatant w as centrifuged ( 1 0  0 0 0  g), filtered, then  
exhaustively dialysed against water for 4 d, and 0.02 M 
N H 4 HCO 3  for 2 d w ith frequent changes in acetylated  
dialysis tubing (Spectrapor; m ol. w t. cut-off ~  3500) 
fo llow ed  by lyophilization and storage at —2 0 °C. The 
protein content o f the bone matrix extract (BMX) w as  
estim ated using a protein assay kit (Bio-Rad, Watford, 
Herts, UK). BMX w as then tested for m itogenic activity  
in a growth factor assay. Lyophilized BMX w as redissolved

in 0.1 M NaCl, 10 m M  Tris, pH 7.0, dialysed against this 
buffer and D ulbecco’s m odification o f E agle’s m edium  
(DMEM), then centrifuged at 2000 g  for 10 min.

Growth factor assay
Growth factor activity w as assayed by its ability to 
stim ulate the proliferation of murine fibroblast BALB/c/ 
3T3 cells '̂ .̂ BALB/c/3T3 cells w ere cultured in DM EM  
supplem ented w ith  antibiotics and 1 0 % fetal calf serum  
(FCS; Clobefarm, Esher, Surrey, UK). To test for growth  
factor activity, cells w ere plated into 96-w ell microtitre 
plates (Cel-Cult; Sterilin, Feltham, M iddlesex, UK) at a 
density of 1 0  ̂ ce lls /w ell in 2 0 0  jjI DMEM plus 1 0 % FCS, 
and grown to 75% confluence at 37°C in a hum idified  
atmosphere of 5% C0 2 / 9 5 % air. After a brief w ash  in 
DMEM the cells w ere challenged w ith serial dilutions o f  
bovine BMX in 2 5 0 /yl DMEM. On each plate, 2 0  w ells  
were set up w ith  dilutions of 2-30 /ul FCS/250 ^1 DM EM  
to provide a serum -stim ulation curve. One growth factor 
unit (GFU) w as defined as half the m axim al stim ulation  
of proliferation in response to FCS^^. BALB/c/3T3 cells  
w ere incubated w ith the test factors for 42 h, after w hich  
the m edium  w as changed and replaced with 2 0 0  /j\ 
DMEM containing l^ C i/m l [^Hjthymidine (Amersham  
International, Amersham , Bucks, UK) and incubated for 
a further 6  h. Acid-insoluble [^H]thymidine in cell DMA 
w as m easured as follow s: after removing the medium, 
the cells w ere w ashed in DMEM, fixed w ith  2 0 0 /j\ 5% 
ice-cold  trichloracetic acid (TCA) for 2 0  min, and w ashed  
in phosphate-buffered saline (PBS). Cell layers w ere then  
dissolved in 100 fj\ 0.1 M NaOH for 10 min and rem oved  
into a scintillation vial; 400 //I of 0.5 M acetic acid and 
2  ml scintillant w ere added to each sam ple before  
counting for [^Hlthymidine incorporation.

In vitro degradation studies
Each polym er disc w as placed in a 5 cm  petri dish  
containing 5 ml of a phosphate buffer solution (0.1 M 
NagHPO^/KHgPO^, pH 7.4) containing 0.03% w /v  sodium  
azide to prevent microbial growth as described previously^®. 
Incubations were carried out at 37°C in a hum idified  
atm osphere o f 5% COg/95% air and m aintained for 5 wk; 
to ensure that the buffering capacity of the m edium  w as  
not exceeded the pH w as continually monitored and the 
medium changed daily.

The dim ensional stability of polym ers w as determined  
by calculating the m ean diameter of each disc; this value  
w as derived from three linear m easurem ents made at an 
angle o f 60° to each other w ith  a H elios gauge (Ganz, 
Germany) and expressing the data as a function o f time. 
Degradation o f the polymers w as measured by comparing 
the dry w eight loss o f each disc w ith its initial w eight  
using an electronic digital balance (Mettler AT 250 
balance; M ettler Instruments AG, Switzerland); the data 
w ere expressed as percentage residual w eight as a 
function o f time. A lthough not a sensitive indicator of 
degradative changes, this is sim ple to perform and usefu l 
for obtaining prelim inary inform ation on in vitro  degra
dation rates.

Polymers com posed o f RG503 containing BM X were 
cultured in 5 cm dishes containing either 5 ml serum-free 
DMEM or PBS supplem ented w ith penicillin  and 
streptomycin. Incubations w ere carried out at 37°C in a
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hum idified atm osphere of 5% COg/SS^ air. The culture 
medium was harvested w eekly for 5 wk, then exhaustively  
dialysed  against DM EM  before being tested for protein  
content and growth factor activity as described earlier.

Scanning electron microscopy
Polym er im plants w ere dried in a desiccator, fractured 
and sam ples mounted on to stubs with two-tube Araldite™ 
(Ciba-Geigy, Duxford, UK) so that the top, bottom  and a 
fracture surface o f each disc could be observed. The 
sam ples w ere then sputter-coated w ith gold-palladium  
(SEM coating unit E5000, Polaron Equipm ent Ltd, 
W atford, Hertfordshire, UK) and observed in a scan
ning electron m icroscope (Cambridge Stereoscan 90B, 
Cambridge Instruments, Cambridge, UK) operating at 
15 kV.

RESULTS

Initial trial degradation experim ents demonstrated that 
polym er RG508 (50:50 poly(D,L-lactide/glycolide); mol. 
wt. ~  39 000) rem ained relatively intact w ith little size 
reduction after 8  wk. Polym er L104 (poly(L-lactide); 
mol. wt. ~ 2 0 0 0 ) fragm ented into sm all p ieces after 2  wk  
w hich  remained undissolved by 8  wk. D iscs of polym er 
R104 (poly(D.L-lactide); mol. wt. ~2000) could not be 
produced due to its sticky and w eak  nature. Polymer 
RG503 (50:50 poly(DL-lactide/glycolide) mol. wt. ~9000) 
show ed advanced degradation by 6  w k and w as chosen  
as the most prom ising polym er for detailed study. In the 
main degradation experim ent, tw o polym ers w ere used: 
(i) pure RG503 ; and (ii) a com bination polym er com posed  
of 90% by w eight of RG503 and 10% R104 ((poly(D,L- 
lactide): mol. wt. ~ 2 0 0 0 ); the com bination polym er w as 
designed to see w hether the incorporation of a low - 
m olecular-weight polym er increased the rate of develop
ment o f porosity.

Polym er discs of RG503 and RG503/104 measured  
before and after sterilization by y -irradiation w ere found  
to have diameters of 13 mm with variability not exceeding  
0.05 mm. W hen cultured in phosphate buffer solutions, 
however, both polym ers show ed marked changes in 
dim ensional stability, w ith the com bination polymer 
RG503/104 show ing a significantly larger increase 
compared w ith  RG503 alone [Figure 1). By w eek  4 the 
increases in m ean diameter w ere 55% and 48% respec
tively; these increases are likely to have been exaggerated 
by the in vitro  conditions, since the discs w ere not 
confined by any anatom ical boundaries and w ere free to 
absorb the buffer solution. Both polym ers retained over 
90% of their original w eight after 2 w k  in culture, but 
thereafter the m ean percentage residual w eight dropped 
rapidly, w ith a faster rate of degradation being observed  
for polym er RG503 [Figure 2). By the end o f the 
experim ental period, m ean residual w eights had been  
reduced to 12.5% for polym er RG5G3 and 28.5% for the 
com bination polymer.

Exam ination of undegraded discs o f polym er RG503 
by SEM, show ed the surface to be relatively sm ooth with  
no obvious irregularities in the surface contour. The 
fracture surface confirm ed that the discs had a dense 
internal structure w ith little evidence of porosity or 
channel formation [Figure 3]. In contrast, SEM of discs
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Figure 1 The effects of culture on the d im ensional stability of 
d isc s  (13 mm X  2 mm) co m p o sed  either of polym er RG503 
(— O — ) or a com bination polymer R G 503/104 (9.1 w/w) (— • —). 
Polym er d isc s  w ere p laced in 5 cm petri d ish es containing 5 ml 
of a ph osp h ate  buffer solution (0.1 m NagHPO^/KHgPO^, 
pH 7.4) supplem ented with 0.03% w /v sodium  azide. Incubations 
w ere carried out at 37°C  in a humidified a tm osp here of 5% 
0 0 2 / 9 5 % air. Each point rep resents the m ean ±  SEM for three  
polym er d iscs. Apart from w eek  5 the d ifferences betw een  the  
two groups are significant. W eek 1, P <  0.05; W eeks 2 -4 , 
P <  0.01.
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Figure 2 Effects of culture on the residual dry w eight of 
polym er d isc s  c o m p o se d  either of polym er RG503 (— O — ) or a 
com bination polym er R G 508/104 (9.1 w /w ) (— • — ). Polymer  
d isc s (13 mm X  2 mm) w ere p laced  in 5 cm petri d ish es  
containing 5 ml of a p h osp hate buffer solution (0.1 m NagHPO^/ 
KH2PO4 , pH 7.4) su pp lem en ted  with 0.03%  w /v  sod ium  azide. 
Incubations w ere carried out at 37°C in a humidified atm osphere  
of 5% 0 0 2 / 9 5 % air. Data are ex p ressed  a s a percentage  of the  
original weight; each  point rep resents the m ean ±  SEM for 
three polym er d iscs . D ifferences in residual weight betw een  
the two groups are significant for w eek s 3 -5 , P <  0.01.

of the com bination polym er RG503/104 revealed an 
irregular surface w ith round projections and small 
openings in the order o f 1 0 0 /im  diameter; the fracture 
surface also exposed  num erous internal channels and 
irregularities (not shown).

A fter 2  w k  in culture, the m orphology o f polym er 
RG503 had changed dramatically. The surface o f the discs 
had assum ed an irregular and folded appearance w ith the 
development o f numerous surface openings and channels 
[Figure 4). Internally, num erous sm all pores ( ~ 1 0 //m  
diameter) w ere observed in close proxim ity to the surface 
layer, as w ell as isolated circular pores ( 1 0 0  pm  diameter) 
and larger irregular channels ( > 1 0 0  pm  diameter) running 
throughout the structure [Figure 5]. By w eek  3 the 
surface and internal structure of polym er RG503 closely  
resem bled the appearance of the com bination polym er
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0 . 5  mnt

Figure 3 Fracture surface of a freshly prepared disc of 
polymer RG503 viewed by SEM, revealing a dense internal 
structure with little evidence of internal porosity.

Figure 4 Surface morphology of a disc of polymer RG503 
after 2wk culture in a phosphate buffer solution viewed by 
SEM. Instead of being smooth and glossy the surface has 
assumed an irregular folded appearance with numerous 
surface openings and channels.

0 . 5  mm

Figure 5 Fracture surface of a disc of polymer RG503 after 
2 wk culture in a phosphate buffer solution viewed by SEM. 
Numerous small pores (~10/im) can be observed in close 
proximity to the surface layer (arrows), as well as circular pores 
(~100/jm) and larger irregular channels (>100;vm) running 
throughout the structure.
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Figure 6 Release of protein from polymer RG503. Polymer 
discs (13 mm X 2 mm) containing bone matrix extract (10.1 w/w) 
were cultured in 5 cm petri dishes containing either 5 ml 
DMEM (O) or phosphate buffer (▼) supplemented with 
antibiotics as described in Methods. Incubations were carried 
out at 37°C in a humidified atmosphere of 5% 002/95% air. 
Each point represents the mean ± SEM for eight implants.

RG503/104. Since no clear advantages appeared to 
accrue from incorporating a low-molecular-weight 
polymer into the matrix, only polymer RG503 was used 
in subsequent experiments as a carrier for lyophilized 
BMX.

The release profiles of protein and growth factor 
activity from polymer RG503 during 5 wk in culture are 
shown in Figures 6 and 7 respectively. These were 
characterized by a high initial release during the first 
week; in the case of protein the release profiles were 
almost identical irrespective of w hether  PBS or DM EM  
was used as the culture medium. There was, however, a 
difference in the am ount of growth factor activity 
released over the experimental period depending on

w hether  the discs were cultured in PBS or DMEM. The 
reasons for this are not clear, but may have been a 
reflection of the fact that the growth factor assay only 
measures mitogenic activity. We estimate that the GFUs 
released into the medium represented approximately 
one-third to one-half of the growth factor activity 
originally incorporated into the polymers.

Polymer discs containing BMX underwent a rapid 
change in morphology in culture. Even after 24 h, SEM 
revealed that the surface had undergone degradation 
with the appearance of numerous surface openings and 
granular deposits [Figure 8)\ our interpretation is that 
these granules are likely to be aggregates of bone matrix 
proteins that had been exposed as the polymer matrix
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Figure 7 Release of growth activity from polymer RG503. 
Polymer discs (13 mm X 2 mm) containing bone matrix extract 
(10.1 w/w) were cultured in 5 cm petri dishes containing either 
5 ml DMEM (O) or phosphate buffer ( ▲) supplemented with 
antibiotics as described in Methods. Incubations were carried 
out at 37°C in a humidified atmosphere of 5% C02/95% air. 
Each point represents the mean ± SEM for eight implants.

1 mm

Figure 8 Surface morphology of a disc of polymer RG503 
containing bone matrix extract after 24 h culture in DMEM 
viewed by SEM. The surface is irregular with numerous surface 
openings and granular deposits.

underwent hydrolysis. Examination of the fracture surface 
revealed that unlike the dense internal structure as shown 
in Figure 3, polymer discs containing BMX were character
ized by numerous pores and defects [Figure 9). After 
2 wk in culture and further hydrolysis, the surface had 
assumed a folded appearance similar to that of polymer 
RG503 alone shown in Figure 4, but with numerous 
surface depressions, presumably sites previously occupied 
by granules of BMX (Figure 10). Internally the polymers 
were extensively honeycombed by numerous pores and 
channels [Figure 11).

DISCUSSION

The finding that bone matrix contains growth factors 
capable of stimulating cartilage and bone formation in

I

Figure 9 Fracture surface of a disc of polymer RG503 
containing bone matrix extract after 24 h culture in DMEM 
viewed by SEM. Unlike the dense internal structure character
istic of discs composed of polymer RG503 alone (see Figure 3), 
numerous pores and defects are apparent in the polymer 
matrix.

50 Mm

Figure 10 Surface morphology of a disc of polymer RG503 
containing bone matrix extract after 2 wk culture in DMEM 
viewed by SEM. The surface has assumed a folded appearance 
(see Figure 4) but with numerous surface depressions; pre
sumably sites previously occupied by granules of bone matrix 
extract.

vivo  has provided a fresh impetus for the development of 
alternatives to autogenous and allogeneic bone. Growth 
factors are polypeptides with widespread effects on cell 
proliferation and differentiation which act as local 
regulators of cell growth. Both locally and systemically 
produced factors are sequestrated in bone matrix, 
apparently  due to the inherent ionic affinity of many of 
these proteins for calcium phosphate. Indeed, bone 
would appear  to be unique in the variety of polypeptide 
growth factors that it harbours.

The pioneering work of Urist and others demonstrated 
that the subcutaneous implantation of demineralized 
bone powder in rodents can induce the differentiation of
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É
200 urn

Figure 11 Fracture surface morphology of a disc of polymer 
RG503 containing bone matrix extract after 2 wk culture in 
DMEM viewed by SEM. The polymer matrix is extensively 
honeycombed by numerous pores and channels up to 200/vm 
in diameter.

host mesenchymal cells into chondrocytes and osteo- 
blasts^®"^®. These observations initiated the search for a 
factor or factors called bone morphogenetic protein 
(BMP) by Urist^®, that could induce da novo  bone 
formation. BMP was characterized as an activity tightly 
bound to bone mineral and extracted by demineralizing 
solvents, but its purification was hampered for several 
years by the complex bioassay that defined it. Recently, 
however, sequence data from a highly purified preparation 
of BMP from bovine bone have been obtained^®, and 
hum an cDNAs for seven different BMPs have now been 
cloned^"' In addition to the BMPs, TGF-)3, epidermal 
growth factor (EGF), fibroblast growth factor (FGF), 
platelet-derived growth factor (PDGF) and the insulin
like growth factors (IGF-I and -II] have all been identified 
in bone matrix^^'

The incorporation of bone-derived growth factors into 
ccntrolled-release delivery systems has received much 
attention in recent years^^'^®. Ideally, the delivery vehicle 
should be: (i) biocompatible, bioresorbable and capable 
of acting as an osteoconductive substrate; and (ii) contain 
factors able to stimulate angiogenesis, mesenchymal cell 
proliferation, chemotaxis and osteoblast differentiation. 
Since no one growth factor alone has been shown to be 
capable of inducing all these biological activities, it 
seems likely that the bone-inducing activity derived from 
bone matrix represents the combined action of multiple 
factors acting at specific stages during osteogenesis.  For 
this reason, we chose to use a complex mixture of bone 
matrix proteins for our initial experimentation; partial 
characterization of the BMX used in this study has 
previously shown that it contains TGF-jS, FGF and 
EGF^\ in addition to BMP activity (unpublished). It 
therefore fulfils the criteria required.

The present study has dem onstrated that bone matrix- 
derived proteins can be incorporated into a synthetic 
PLA/PGA polymer delivery vehicle, and retain up to half 
of the original biological activity w hen  tested in an in

vitro model system. Some loss of activity was inevitable 
during the m anufacturing and handling procedures much 
of which had to be carried out at room temperature; the 
acidic pH generated in the culture medium during 
polymer degradation to yield lactic and glycolic acids 
may also have contributed. Gurrently we are working 
on alternative methods of incorporating matrix  proteins 
into the delivery vehicle so as to retain a higher 
percentage of the biological activity. Approximately 60% 
(PBS) to 75% (DMEM) of the biological activity w as 
released during the first week of culture. W hether such a 
high initial release is undesirable is not know n at this 
stage, but previous investigators have suggested an 
optimal release period of 3-7 d, the time taken for 
chondrogenic stimulating activity to be released from 
bone matrix explants in vitro^^'^^. Furthermore, PLA/ 
PGA polymers have been shown to have slower in vivo  
rates of degradation compared with those in

One important requirement of an artificial bone 
replacement material is the ability to facilitate and 
support osseous ingrowth. With ceramic materials this is 
achieved by introducing porosity into the structure, 
where it has been shown that a minimum pore/channel 
size of 100 pm  is necessary for bone tissue ingrowth and 
150 pm  for osteon formation^®. For this reason we chose 
a bulk-degrading polymer in preference to a surface- 
degrading material such as a polyanhydride. Significant 
internal porosity developed by week 2 and, although the 
samples tended to shrink during processing for SEM, the 
size of the channels, pores and surface openings suggest 
they are of the right order for bone ingrowth. Whether 
continual hydrolysis of the internal structure has an 
adverse effect on anchorage-dependent cells such as 
osteoblasts and their ability to lay down bone matrix is 
currently under investigation in vivo.
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In vitro assessment of bacterial 
adhesion to Hydromer®-coated 
cerebrospinal fluid shunts
M.J. Bridgett and M.C. Davies
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T h e a d h e r e n c e  o f five  stra in s of S ta p h y lo co ccu s ep id erm id is  and  o n e  strain o f S . au reu s  to  both  
un treated  and  H ydrom er® -coated  s il ic o n e  rubber cereb ro sp in a l fluid sh u n ts  w a s  stu d ied  in vitro 
u sin g  e p if lu o re sc en t  im a g e  a n a ly sis . All five stra in s of S . ep id erm id is  sh o w e d  sim ilar le v e ls  of 
a d h e r e n c e  to  u n treated  sh u n ts, w hilst S . au reu s  a d h er e d  slightly  better. T h e  H ydrom er coatin g , a  
h y d rogel m aterial w h ich  c r e a te s  a  hydrophilic  layer on  th e  sh un t su rfa ce , w a s  foun d  to  red u ce  
bacteria l a d h e s io n  lev e ls  by ap p ro x im a te ly  90%  in th e  six  stra in s of bacteria  te sted .
U nfortunately, uniform  c o v e r a g e  of th e  sh u n t su r fa c e s  (particularly internally) with H ydrom er  
co a tin g  w a s  not a c h iev e d  during sa m p le  preparation . B acterial a d h es io n  lev e ls  in su ch  a r e a s  
w e re  identica l to  u n treated  co n tro ls . T his m ay p o s e  p ro b lem s in th e  in vivo  u se  of H ydrom er- 
c o a te d  sh u n ts.

K eyw ords: CSF shunt, bacteria l adh esion , s taph ylococci, silicone ru bber  
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H ydrocephalus is usually treated by im plantation of a 
cerebrospinal fluid (CSF) diversion device or shunt, most 
frequently passing betw een  cerebral ventricles and the 
peritoneal cavity. A  shunt consists o f a (proximal) 
ventricular catheter, valve and (distal) peritoneal catheter, 
either assem bled from com ponents at surgery or pre
assem bled as a com plete unit (unishunt). The distal end 
of the shunt m ay alternatively be located in the right 
atrium or the pleural cavity; in com m unicating hydro
cephalus lum boperitoneal shunts m ay be used. M edical- 
grade silicone rubber is used alm ost exclu sively  for shunt 
construction.

Infection is an important cause of shunt failure and is 
associated w ith  high morbidity and even  mortality, both 
from the need to replace the failed  system  and the effects 
of infection in the central nervous system . Infection rates 
vary from less than 1%^ to as high as 35%^. The w ide  
variation in rates is m ultifactorial. A lthough points o f 
shunt design and surgical technique are relevant, an 
important consideration is the type o f patient involved. 
High infection rates are seen  in neonates, especially

Correspondence to Dr M.C. Davies or S.P. Denyer
‘Current address for P. R. Eldridge: Department of Neurosurgery,
Walton Hospital, Liverpool L9 lAE, UK.

those w ho are premature; children born w ith  open  
m yelom eningocoeles w hich  require closure of the defect 
and shunt insertion for the associated Arnold-Chiari 
m alform ation are also subject to higher in fection  rates.

A s w ith m ost im plants, CSF shunts act as a focus for 
m icrobial attachm ent and subsequent developm ent of 
infection. The presence of bacterial m icrocolonies on the 
inner surfaces of silicone rubber CSF shunts has been  
demonstrated^, and it is from this protected environment 
that the bacteria are able to cause infection  w hilst 
resisting antim icrobial therapy. S taph ylococcu s ep i
derm idis  is the com m onest infecting organism, occurring 
in as m any as 90% of cases in one report‘d. Our ow n  
(unpublished) data suggests a figure nearer 50%.

Several reports have speculated as to the exact source 
and route o f infection in CSF shunts'*'®. Infected VP 
shunts are usually colonized in their distal portions^. 
Price'* has suggested that the tracking of skin staphylococci 
along the path taken by the shunt introducer (an 
instrument used to pass the distal catheter subcutaneously 
betw een scalp and abdom inal incisions) results in 
transfer o f m icroorganism s into the peritoneal fluid. 
Thus, organism s m ay eventually gain access to the lower 
end of the peritoneal catheter. Careful surgical technique®, 
attention to the skin surface and wound edges'* and the
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Polymer implant discs composed of 50:50 poly DL-lactide-co-glycolide (molecular weight about 9000) 
were used to repair 5 mm calvarial defects in 2 kg rabbits and osseous repair compared to sponta
neous healing (control). After 4 weeks the implants had undergone substantial degradation with little 
evidence of residual polymer. The extent to which the defects had been replaced by bone showed 
individual variation. In some animals a layer of bone with normal cancellous architecture had bridged 
the defect, but at no time was bone observed in intimate contact with the polymer matrix, suggesting 
that the material had acted as a tissue spacer rather than an osteoconductive substrate. Non-osseous 
tissue consisted of a highly vascular fibrous connective tissue containing variable numbers of inflam
matory cells. In some sites numerous macrophages and multinucleate giant cells were observed, the 
majority of which were shown by immunocytochemistry to be MHC class ll-positive. Histomorpho- 
metric analysis demonstrated no statistically significant difference in osseous repair between control 
and polymer implant groups after 1, 2 or 3 months. Incorporation of bone matrix proteins extracted 
from bovine cortical bone into the discs, however, provoked a cellular and humoral immune response 
which had a significant inhibitory effect on osseous repair. These data suggest, first, that while 
synthetic polymers have potential as bone graft substitutes, improvements in their performance in 
vivo  are needed and, second, it is advisable to use allogeneic proteins in rabbit models of bone 
regeneration.

K eyw ords: poly(a-hydroxy acids), artificiai bone, bone regeneration , bon e-derived  growth factors 

R e c e i v e d  6  A u g u s t  1 9 9 3 ;  a c c e p t e d  1 D e c e m b e r  1 9 9 3

The developm ent of a suitable alternative to autogen
ous and allogeneic bone has been  a long-term goal of 
both bone and biom aterials research. Recent advances 
in growth factor research and polym er chem istry now  
make the production of synthetic bone substitutes a 
realizable objective.

The pioneering work of Urist and others 
dem onstrated that the subcutaneous im plantation of 
dem ineralized bone pow der in rodents could  induce  
the differentiation of host m esenchym al cells into 
chondrocytes and osteoblasts^"^. These observations 
initiated the search for a factor or factors nam ed bone
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m orphogenetic protein (BMP) that could  induce de  
n ovo  bone formation. BMP w as characterized as an 
activity tightly bound to bone m ineral and extracted by 
dem ineralizing solvents, but its purification was 
ham pered for several years by the com plex bioassay  
that defined it. Recently, however, sequence data from 
a h ighly  purified preparation of BMP from bovine bone 
have been  obtained^ and hum an cDNAs for seven  
different BMPs have n ow  been defined^’®. Sequences 
d educed  from these cDNAs have indicated that BMP - 2  

through -7 are m em bers of the transforming growth 
factor-;^ (TGF-j?) supergene family. In addition to the 
BMPs, TGF-^, epiderm al growth factor (EGF), 
fibroblast growth factor (FGF), platelet-derived growth  
factor (PDGF) and the insulin-like growth factors (IGF-I 
and -II) have all been identified  in bone matrix^"^.

r  1994 Butterworth-Heinemann Ltd
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Indeed, bone w ould  seem  to be unique in the num ber of 
growth factors that it harbours. It seem s likely, 
therefore, that the bone inducing activity derived from  
bone matrix is not due to the action of just one of these  
factors, but represents the com bined action of m ultip le  
factors acting at sp ecific stages during osteogenesis.

The incorporation o f bone-derived growth factors 
into a collagenous delivery system  has been  w id ely  
applied in anim al m odels for inducing bone 
formation^°“^̂ . H ow ever, the use of an insoluble  
collagenous substratum does have potential lim itations  
for clin ical use. Collagen prepared from the organic 
matrix of hum an bone m ay retain alloantigens^'* and 
hum oral antibodies have been found in the sera of 
patients injected w ith  bovine collagen^^’ ®̂. Further
more, approxim ately 3% of subjects skin tested w ith  
Zyderm™ , an injectable bovine collagen  im plant 
material for correcting soft tissue contour irregularities, 
were found to experience localized  hypersensitivity  
reactions’ .̂ Porous coralline hydroxyapatite (HA) has 
been used  as a non-im m unogenic delivery v eh ic le ’®"̂ ’ , 
but HA functions principally  as an osteoconductive  
substrate and does not undergo significant resorption  
in situ; also it is not easily  m anipulated, and migration  
and extrusion of particles m ay occur even  after careful 
surgical placem ent.

The synthetic poly(a-hydroxy acids), polylactic acid  
(PLA) and polyglycolic acid (PGA), offer an alternative 
delivery system . Originally form ulated as biocom pat
ible, bioresorbable suture materials^^, they are capable 
of acting as osteoconductive substrates for osseous  
repair and have been used  experim entally as carriers 
for BMPs^^“^̂ , although the optim al configuration has 
yet to be established. We recently reported, using an 
in vitro  m odel system , that growth factors extracted  
from bovine cortical bone and incorporated into 
polym er im plant d iscs (50:50 poly  DL-lactide-co- 
glycolide; m olecular w eight about 9000) by com pres
sion m oulding, are released into the culture m edium  
as the im plants undergo hydrolytic degradation^®. The 
aim of the present investigation w as 2 -fold. First, to 
evaluate the performance of the im plants in vivo  using  
a rabbit calvarial bone repair m odel, and, second, 
determ ine the host response to xen ogen eic bone 
growth factors and the effect it m ight have on induced  
osteogenesis.

MATERIALS AND METHODS 

Preparation of bone matrix extract
The extraction protocol w as based on previously  
published m ethods'’. Cylinders of bovine cortical bone 
were quartered, cooled  in liquid N 2  and fragmented  
prior to being reduced to a fine pow der in a Spex  
freezer m ill (Glen Greston, Stanmore, M iddlesex, UK). 
The dry bone pow der w as suspended  in 0.02 M T ris- 
HGl, pH 7.4, at 4°G for 2 0  m in, centrifuged (2 0 0 0 g) for 
lO m in and the supernatant discarded. Extraction of 
the bone powder w as accom plished  by resuspension  
with gentle stirring for 24 h at 4°G in 0.5 M am m onium  
EOT A, 0 . 0 2  m  Tris-HGl, pH 7.5. At the end of the 
extraction procedure the supernatant was centrifuged

( 1 0  0 0 0  g), filtered, then exhaustively d ialysed  against 
water for 4 d, and 0 . 0 2  M NH 4 HGO3  for 2  d w ith  
frequent changes in acetylated d ialysis tubing  
(Spectrapor; m olecular w eight cut off 3500) fo llow ed  
by lyophilization  and storage at - 2 0 °C. A ll procedures 
were carried out in the presence of 0.03% w /v  sod ium  
azide. The protein content of the bone matrix extract 
(BMX) w as estim ated using a protein assay kit (Bio- 
Rad, Watford, Hertfordshire, UK). BMX w as then  
tested for growth factor activity and for BMP activity  
using in vitro  bioassays. Lyophilized BMX w as  
redissolved  in 0.1 M NaGl, 10 mM Tris, pH 7.0, d ia lysed  
against this buffer and D ulbecco’s m odified  Eagle’s 
m edium  (DMEM), then centrifuged at 2 0 0 0 g  for 1 0  m in.

Growth factor assay
N on-specific growth factor activity was assayed  by its 
ability to stim ulate the proliferation of m urine 
fibroblast BALB/c/3T3 cells^^. BALB/c/3T3 ce lls  w ere  
cultured in  DMEM supplem ented w ith antibiotics and  
1 0 % fetal calf serum (FGS; Globefarm, Esher, Surrey, 
UK). To test for growth factor activity, ce lls  w ere 
plated into 96-w ell microtitre plates (Cel-Cult; Sterilin, 
Feltham, M iddlesex, UK) at a density of 1 0  ̂ c e lls /w e ll  
in 2 0 0 ;ul DMEM plus 1 0 % FGS, and grown to 75% 
confluence at 37°C in a hum idified  atm osphere of 5% 
G0 2 / 9 5 % air. After a brief w ash in DMEM the cells  
w ere challenged w ith  serial dilutions of BMX in  250 //I 
DMEM. On each plate 2 0  w ells were set up w ith  
dilutions ranging betw een  1  and 50/^1 FGS/250/zl 
DMEM to provide a serum -stim ulation curve. One 
Growth Factor Unit (GFU) was defined as h a lf the 
m axim al stim ulation of proliferation in response to 
FCS^. BALB/c/3T3 cells were incubated w ith  the test 
factors for 42 h, after w hich  the m edium  was changed  
and replaced w ith 200^1 DMEM containing 1  yuCi/ml 
[®H]thymidine (Amersham International, Am ersham , 
Buckingham shire, UK) and incubated for a further 6  h. 
A cid-insoluble [®Hlthymidine in cell DNA w as 
m easured as follows: after rem oving the m edium , the 
cells were w ashed  in DMEM, fixed w ith 200 5% ice-
cold  trichloroacetic acid (TGA) for 2 0  m in and w ashed  
in phosphate buffered saline (PBS). Gell layers w ere 
then d issolved  in 1 0 0 /.d 0.1 M NaOH for 10 m in  and  
rem oved into a scintillation vial; 1 ml of 0.5 M acetic  
acid and 2  m l scintillant were added to each sam ple  
before counting.

Assay for BMP activity
BMP activity was assayed by its ability to stim ulate  
alkaline phosphatase (ALP) synthesis by cultured  
m urine osteoblast MG3T3-E1 cells, a response sh ow n  
by Takuwa at to occur follow ing treatment o f  this 
cell line w ith  recom binant hum an BMP-2 . Gells were 
grown in a-MEM supplem ented  w ith 10% FGS and 
seeded  into 35 mm diameter dishes at a density of 
5 X lO'’ per dish in 2 m l a-MEM. The cells were grown  
to confluence and serum -deprived for 24 h prior to use 
in a-MEM plus 0.3% bovine serum album in (BSA). For 
experim ental purposes cells were incubated for 48  h in 
a-MEM plus 0.3% BSA with test substances at 37"C in  
an hum idified  atm osphere of 5% G0 2 / 9 5 % air. ALP 
w as m easured by an adaptation of the m ethod of
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K um egawa e t using p-nitrophenyl phosphate
(Sigma, Poole, Dorset, UK] as substrate; optical density  
w as m easured at 405 nm.

Preparation of polymer discs
Polym er im plant d iscs (5 mm x 2  mm) com posed  of 
50:50 poly  DL-lactide-co-glycolide (m olecular w eight 
about 9000) were prepared by com pression  m ould ing  
from pre-polym erized granules (Boehringer, Ingelheim , 
Germany) as reported previously^®, in  a Specac pellet 
die (Spectroscopic A ccessory, St Mary Cray, Kent, UK) 
at an in itial die temperature of 50°C in a Perkin-Elmer 
hydraulic presis; the com pressive force (15 x 10^ kg/ 
cm^) w as m aintained for 1 0  m in. To prepare im plants 
containing bovine bone matrix proteins, polym er 
granules were m ixed  w ith  lyop hilized  BMX 9.1 (w /w) 
and com pression m oulded  as above. A ll d iscs were 
sterilized by y-irradiation (25 kCy; Isotron, Sw indon, 
W iltshire, UK) and used  im m ediately for each experi
ment, since y-irradiation has been  show n to accelerate 
the degradation rate of PGA and poly(OL-lactide/ 
glycolide) polymers®®’®̂ . This radiation dose, currently 
used by bone banks for sterilization, has been  reported 
to have no effect on the osteoinductive properties of 
dem ineralized hone matrix®^.

Implant procedure
Four-m onth-old Dutch/Lop rabbits w eighing approxi
m ately 2 kg were used  as recipients. Prior to surgery 
the anim als w ere sedated w ith  an intraperitoneal 
injection of Diazapam  (0.4 mg/kg; Phoenix Pharmaceu
ticals, Gloucester, UK) m ade up in sterile water. 
Hypnorm (0.3 mg/kg; Janssen Pharm aceuticals, Oxford, 
UK) was adm inistered intram uscularly providing  
anaesthesia for 1 5 -3 0  m in, sufficient for im plant 
placem ent. A ll anim als received  antibiotic cover in the 
form of 0.25 ml intram uscular C lom oxyl (Beecham  
Animal Health, Brentford, Essex, UK) at the tim e of 
sedation. The calvariae were exposed  via a m id-line  
incision, the periosteum  elevated and an im plant 
inserted into a 5 m m  trephine defect in each parietal 
bone. Gontrol anim als underwent an identical 
procedure w ithout p lacem ent, o f an im plant, the defect 
being filled  by b lood. The periosteum  was replaced  
and sutured w ith  catgut prior to w ound closure w ith  
interrupted 3/0 vicryl sutures (Ethicon, Edinburgh, 
UK). Anim als w ere k illed  at 1 , 2  and 3 m onths w ith an 
overdose of Penitobarbitone (May & Baker, Dagenham, 
Essex, UK). The anim als were housed  by Biological 
Services, U niversity College, London.

Histomorphometric analysis
Defect areas and 5 m m  of surrounding hone were 
removed, decalcified  in  5% TGA, cut in half and both 
specim ens em bedded in paraffin. Sections of 5 fim  
were cut at depths of 250 and 5 0 0 /zm, stained by 
haem atoxylin & eosin , van Gieson and Herovici 
m ethods, and representative sections used  for 
histomorphometric analysis. Bony infill w as quanti
tated with an analysis based on point counting and 
volum e fraction^®, using a stereom icroscope and a 
10 X 10 lattice graticule (Graticules, Tunbridge, Kent,

UK). The number of points overlaying bone, soft tissue  
and inflam m atory cells w ere counted, and tallied  on  
three channels of a haem atological differential counter 
(Clay-Adams, Parsippany, NJ). A total o f four sections  
from each defect were analysed; the average num ber of 
points counted per specim en  w as 237 and this was 
used  as a w eighing factor w hen  standardizing the 
num ber of counts on bone. A m ultip le regression  
analysis com paring the variables o f im plant type and  
tim e of k illing w ith  respect to bone formation was 
carried out using a Nanostat statistical programme 
(Alphabridge, London, UK).

ELISA for serum antibodies to BMX
The m ethod used  for the m easurem ent of serum  
antibody titres to BMX was based upon a m odified  
solid  phase indirect non-com petitive ELISA. To obtain  
positive hyperim m une serum, 2 5 0 /zg BMX in 0.5 ml 
saline was injected subcutaneously into a NZW rabbit 
and repeated after 7 d. One m onth later 2 0  m l blood  
was collected, a llow ed to clot, centrifuged (3000g) and  
the serum rem oved and stored at - 2 0 °C.

W ells of Im mulon 2  microtitre plates (Dynatech, 
Billingshurst, Sussex, UK) w ere coated w ith  BMX 
diluted at 2 0  /^g/ml in PBS by overnight incubation at 
4°G. Blank plates were incubated w ith  PBS alone. 
Plates were blocked w ith PBS containing 0.05% (v/v) 
T w een 2 0  (PBST) and 1 % sem i-skim m ed dried m ilk  
(Sainshury, London, UK) for 60 m in at 37°G. Rabbit 
sera at serial dilutions (1:50, 1:250, 1:1250, 1:6250) in  
PB ST -m ilk  w ere added in  50 1̂ volum es to w ells of 
BM X-coated and blank plates; 50 //I of standard 
positive hyperim m une serum w as added to other w ells  
coated w ith BMX and all were incubated for 60 m in at 
37°C.

After the plates had been w ashed  four tim es w ith  
PBST, 50 fA o f an affinity-purified peroxidase 
conjugate of anti-rabbit IgG (Sigma) was added, 
follow ed  by incubation for 60 m in at 37°G. After six  
w ashes in PBST, hound peroxidase activity was 
developed  w ith  0 . 1  m g/m l tetramethyl benzid ine  
tetrahydrochloride (Sigma) in  0.1 M citrate buffer, 
pH 5.1, containing 0.01% H 2 O 2  and the reaction was 
stopped w ith sulphuric acid; optical density (OD) was 
m easured at 450 nm.

Binding to antigen-coated w ells  w as corrected by 
subtracting values of corresponding serum dilutions on  
blank plates, and the sam e for standards.

OD serum and antigen -  OD serum only ^
OD positive control and antigen  

-O D  positive control only

Antibody titres were expressed as the dilution of 
serum giving 30% of binding o f the standard positive  
hyperim m une serum.

Electrophoresis
Individual proteins from the BMX preparation were 
separated by sodium  dodecyl sulphate polyacrylam ide 
gel electrophoresis (SDS-PAGE) in a M inigel electro
phoresis apparatus (SE 250, Hoefer Scientific Instru
m ents, San Francisco, GA). The slab gels contained
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12% (w/v) acrylam ide in the running gel and 4.8% (w / 
v) in the stacking gel. The protein extracts were 
adjusted to approxim ately 1.125 m g/m l by solubilizing  
in 0.125 M  Tris-HCl, pH 6 .8 , sam ple buffer containing  
4.6% SDS, 2 0 % glycerol, 1 0 % ^-m ercaptoethanol and 
0 .1 % brom ophenol blue, and were then boiled  for 
2  m in to denature the protein; 1 0 ^ 1  o f each protein  
extract was added to the appropriate gel lane. High  
and low  standard protein markers (MW-SDS-70L and  
MW-SDS-6 H; Sigma) were used  to determ ine relative 
m olecular m ass (MJ. Electrophoresis was carried out 
at room temperature at 15 m A per gel until the 
brom ophenol blue dye reached the bottom  of the gel.

Immunoblotting
After electrophoresis the separated bands w ere electro- 
pboretically transferred to n itrocellu lose paper by the 
W estern im m unoblot procedure (TE2 2 m, Hoefer 
Scientific Instruments) using T ris-g lycine buffer, 
pH 8.4, containing 2 0 % m ethanol at 1 0  V overnight. 
After blotting the n itrocellu lose paper was stained  
with 0 .0 1 % A m ido Black for the visualization of 
proteins. Strips cut from transferred individual gel 
lanes were w ashed  w ith  PBS containing 1 .0 % Triton 
X - 1 0 0  for 5 m in and then in  PBS-0.1%  Triton X - 1 0 0  

(PBS-TX) for 25 m in. N on-specific binding was 
blocked by incubating the strips w ith  1 % BSA in P B S -  
TX for 45 m in. The strips w ere then incubated w ith  
sera diluted at 1:100 w ith  PBS-T X  for 60 m in at room  
temperature. The strips were w ashed in PBS-TX  for 
30 m in (with five or six changes of PBS-TX), and 
incubated w ith 1 0 "̂  dilution of peroxidase-conjugated  
goat anti-hum an IgG (Sigma), and w ashed again. The 
hands were v isualized  by reaction w ith  3,3'-diam ino- 
b enzid ine tetrahydrochloride (0.1 m g/m l) in 0.1 M  

citrate buffer, pH 5, w ith 0 .0 1 % H 2 O 2  for 5 m in  
follow ed by a rinse in distilled  water.

Immunocytochemistry
A two-step indirect technique was used  to dem onstrate 
antibodies to rabbit leucocyte antigens. Defect areas 
and surrounding bone w ere rem oved on killing, snap  
frozen in liquid N 2  and em bedded in Bright Cryostal 
(Bright Instruments, Huntingdon, Cambridgeshire, UK). 
Sections were cut at 6 t̂m onto am inopropyltriethoxy  
saline (ALPES)-coated slides, air dried at room  tem pera
ture overnight and fixed in acetone (4%; 15 min). After 
fixation sections w ere w ashed briefly in Tris buffer, 
p H 7.6, and treated w ith goat serum (20%; 3 0 m in) to 
block non-specific binding of the second  antibody. 
Optimal dilutions of m onoclonal antibodies to rabbit 
leucocyte antigens (Serotec, K idlington, Oxford, UK) 
were added and incubated at room tem perature for 
4 0 min. These included  CD4 (helper T cells), C D llb  
(MAC - 1  epitope expressed on neutrophils, m onocytes, 
macrophages) and MHC class II (activated m ononuclear  
phagocytes). Sections were w ashed in Tris buffer and 
incubated at room  temperature for 30 m in w ith  a 
biotinylated goat anti-m ouse antibody (Dako, High 
W ycom be, Buckingham shire, UK; 1 : 2 0 0  dilution). After 
a further w ash in Tris buffer a streptavidin-A LP  
conjugate was added (Dako; 1:200 dilution), and 
incubated for 30 min; naphthol AS phosphate d isodium

plus fast red and levam isol w as then added, and  
incubated at room  temperature for 10 m in or until 
sufficient colour had developed. Sections w ere counter
stained w ith  Harris’ haem atoxylin for 10 s, w ashed , 
m ounted in Aquam ount (BDH, Dagenham , Essex, UK) 
and exam ined by light m icroscopy.

RESULTS

After 4 wk im plantation in vivo  polym er im plant d iscs  
had undergone substantial disintegration w ith  little  
polym er matrix evident; nevertheless, the extent to 
w h ich  the calvarial defect had been  replaced by bone  
sh ow ed  individual variation. In som e anim als bone  
w ith  norm al cancellous architecture had repaired the 
defect [Figure 1). In others, osseous regeneraton  
consisted  of bone formation at the marginal rim w ith  a 
thin plate of bone bridging the defect [Figure 1). At no  
tim e was bone observed in intim ate contact w ith  
residual polym er [Figure 2A], suggesting that the 
material had not acted as an osteocondutive substrate 
but rather as a tissue spacer. The n on-osseous tissue  
com prised a highly vascular, predom inantly co llage
nous, matrix containing variable num bers of inflam m a
tory cells. At som e sites num erous m acrophages and  
m ultinucleate giant cells were observed, the majority 
of w hich  w ere show n by im m unocytochem istry to be 
MHC class Il-positive [Figure 2B  and C). Foci of 
osteoclastic bone resorption w ere also observed, 
particularly in close proxim ity to m acrophages. At 8  

and 1 2  wk, little inflam m ation w as noted, but the 
am ount of bone did not appear to have increased.

Prior to its being incorporated into the polym er  
matrix, the BMX w as tested for b iological activity  
using two established in  vitro  bioassays. Typical d o se -  
response curves of BALB/c/3T3 ce lls  to stim ulation by 
ECS and BMX are show n in Figure 3. One growth  
factor unit (CPU) is defined as half-m axim al serum  
stim ulation, in this case 132 500 d.p.m . The m axim al 
response to BMX w as 2 0 1 0 0 0  d.p.m; based on this 
value and the protein content o f the BMX, each  
polym er im plant d isc loaded w ith  BMX contained  
approxim ately 75 CPUs. We had previously show n  
that EDTA/Tris-HCl extracts of bovine bone contain  
TCP-jg, ECP and PCP^^. Stim ulation of ALP activity by 
m urine osteoblast MC3T3-E1 cells dem onstrated that 
the BMX preparation also contained BMP activity  
[Figure 4)\ optim al induction w as seen  at a protein  
concentration of 17 A^g/ml.

Im plantation w ith  BM X -polym er im plants provoked  
a marked inflamm atory and im m une response by the 
host. In addition to the foreign hody reaction to the 
polym er described above, lym phocytes were 
prom inent constituents of the cellu lar infiltrate, m any  
of w hich  w ere identified  by im m unocytochem istry as 
CD4^ helper T cells [Figure 2D)-, over the 1 2  w k period  
of observation, however, there w as a progressive 
reduction in  the cellu lar im m une response. O sseous 
repair at 4 -8  w k was confined principally  to marginal 
w oven  hone formation, but foci of osteogenesis had  
produced sm all islands of bone w ith in  the defect 
sim ilar to that show n in  Figure IB.

The m ean percentage of histom orphom etric points
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Figure 1 Photomicrographs of sections through the centre of 5 mm cranial defects 1 month 
after implantation with discs of 50:50 poly DL-lactide-co-glycolide (molecular weight about 
9000). Above, the defect has been completely repaired by cancellous bone, although the 
bone is only half the original thickness of the calvarium. Below, in this example osseous 
regeneration consists of bone formation at the marginal rim with a narrow plate of bone 
bridging the defect, Haematoxylin & eosin stain. Bar measures 0.25 mm.

counted on bone for control defects, polymer and 
BM X-polymer implants over the 3 month time course 
is shown in Figure 5. These demonstrated that while 
there was no statistically significant difference 
between the control and polymer implant groups, 
there was a significant difference between polymer 
and BM X-polymer implants (t -  5.82). Multiple regres
sion analysis showed that time was not a significant 
factor; the am ount of overall hone formation did not 
increase from 4 to 12 wk irrespective of implant type. 
In view of this finding, the means of the total s tandar
dized scores for the three groups from all the time 
intervals were calculated. These data demonstrated 
that whereas the mean standardized numbers of points 
counted on hone in both the control (96.2 ± 9.4) and 
polymer implants (94.5 ±  7.3) were virtually identical,  
the mean for BM X-polym er implants (37.1 ±  1.8) was 
significantly lower.

Assay of serum samples for antibodies to BMX by an 
EldSA demonstrated the presence of high IgG titres 
after 1 month in rabbits transplanted with BMX- 
polymer implants followed by progressive decline at 2 
and 3 months [Figure 6). Antibodies to BMX could not 
be detected in sera from control or polymer implanted 
animals (data not shown). Individual proteins in the 
BMX were then separated by SDS-PAGE, immuno- 
blotted onto nitrocellulose strips and incubated with 
serum samples; two major bands were visualized, one 
at an M,. of 66 kDa and the other at approximately 
14 kDa: there was also a faint band at 20-22 kOa

[Figure 7). The 66 kDa band persisted throughout the 
experimental period and is likely to represent an t i
bodies to BSA. Antibodies to the 14 and 20-22 kDa 
bands, however, showed a progressive decline and 
were undetectable at 3 months.

DISCUSSION

The present study has demonstrated that 5 mm calvar
ial defects in the rabbit implanted with a 9000 m olecu
lar weight PLA/PGA co-polymer show levels of 
osseous regeneration comparable to that of control 
(spontaneous healing) defects. There has been m uch  
debate in the literature regarding the appropriate size 
of the defects for testing bone substitutes in calvarial 
models of repair, and defects that do not heal sponta
neously have been termed critical size defects. 
Although the 5 mm defect used in the present investiga
tion is below the critical size of 15 mm recom m ended 
for rabbits'^^, only 50% of each site in the control 
animals was repaired by bone. It is our view, therefore, 
that a 5 mm defect size is clearly adequate for testing 
the performance of candidate bone repair materials 
against spontaneous healing, also bearing in mind the 
cost of purchase and maintenance of animals, the need 
to reduce the numbers to the m in im um  necessary to 
obtain statistically valid results, and the fact that two 
or more implants can be inserted per rabbit.

Poly(%-hydroxy acids) have been reported as being
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Figure 2 A, Photomicrograph of a section from the centre of a 5 mm calvarial defect 1 month after implantation with a polymer 
disc. The polymer (p) has undergone extensive degradation and is separated from the bone (b) by a highly vascular fibrous 
connective tissue. Herovici stain. Bar measures 100//m. B, Photomicrograph of a frozen section from a calvarial defect 1 
month after implantation with a polymer disc and stained with an anti-MHC class II monoclonal antibody. Multinucleate giant 
cells (arrows) are shown in close proximity to residual polymer (p). Section counterstained with haematoxylin & eosin. Bar 
measures 150//m. C, Photomicrograph of a frozen section from the same block as B showing numerous MHC class ll- 
positive macrophages. Residual polymer (p). Section counterstained with haematoxylin & eosin. Bar measures 50/<m. D, 
Photomicrograph of a frozen section from a calvarial defect 1 month after implantation with a BMX-polymer implant showing 
the presence of CD4 (helper) T lymphocytes (arrows). Section counterstained with haematoxylin & eosin. Bar measures 
50 /;m.

degraded in vivo  principally  by non-specific hydroly
sis, and by non-specific esterases and carboxypepti- 
dases" '.  In the present series, however, phagocytosis 
by macrophages and m ultinucleate  giant cells was a 
consistent feature of polymer degradation, particularly 
during month 1 of the experimental period. A foreign 
hody reaction to PLA/PGA polymers has heen 
observed previously^^"^'"^", the extent of which is 
likely to be a significant factor in determining the 
ability of the material to act as an osteoconductive 
substrate. If degradation is too rapid, osteoblasts will 
be deprived of a surface on w hich to migrate and 
secrete bone matrix, the result being fibrous repair 
rather than osseous regeneration. It was certainly our 
impression that the polymer matrix used in the present

investigation acted more as a tissue spacer than an 
osteoconductive substrate. Moreover, several b iom edi
cal polymers (PLA and PGA were not evaluated) have 
been shown to stimulate the synthesis of inter-leukins 
IL-l/L IL-6 and tum our necrosis factor (TNF) by 
cidtured hum an  peripheral blood monocytes'*'’. Not 
only do IL-1 and TNF play an important role in 
immunoregulation, hut they are also potent stimulators 
of hone resorption"^” Improvements in polymer 
performance in vivo  are therefore a priority before 
contemplating their use clinically as bone graft substi
tutes. Biocompatibility and osteoconductivity may be 
enhanced by the manufacture of polymers in a porous 
format, and by the use of higher molecular weight 
materials to reduce the rate of degradation.
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Figure 3 Growth factor activity in BMX. #, Standard curve 
for quantitation of growth factor activity in FGS on BALB/c/ 
3T3 murine fibroblasts as described in Materials and 
Methods. One GFU is defined as 50% of maximal serum 
stimulation, in this case 132500d.p.m. A, Growth factor 
activity in bovine BMX assayed on BALB/c/3T3 cells. The 
maximal value was 201 000d.p.m. Based on these data and 
the protein content of the BMX, each BMX-polymer implant 
disc contained approximately 75 GFUs
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Figure 4 Dose-dependent effect of BMX on alkaline 
phosphatase activity by murine osteoblast MC3T3-E1 cells. 
The cells were cultured in %-MEM containing 0.3% BSA in 
3cm dishes and treated with increasing concentrations of 
BMX for 48 h. Each point represents the mean + S.E M. for 
four dishes.

The incorporation of bovine BMX into the polymer 
had a significant inhibitory effect on osseous repair. 
Compared to polymer alone and spontaneous healing, 
the presence of bovine BMX reduced hone formation 
by half. ITevious workers have maintained that hone 
matrix-derived proteins are biologically active across 
species in the s tandard bioassay for BMfTs (the extraske- 
letal induced osteogenesis assay), provided they are 
reconstituted with the extracted bone matrix residue of 
the host species“ This suggests that differences in 
hone inducing effects compared to previous reports 
may have originated from differences in the com posi
tion of the BMX samples. However, most research to 
date has involved the transplantation of bovine hone 
growth factors into the rat, an experimental model 
regarded as having a high regenerative capacity in

1 m o n t h 2 m o n t h s 3 m o n t h s

Figure 5 Percentage histomorphometric points counted on 
bone for control (untreated) defects, polymer and BMX- 
polymer implants. Each point represents the 
mean ± S.E.M. for three animals. Control; ■. polymer; 
B, BMX-polymer.
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Figure 6 Serum IgG antibody titre to BMX measured by an 
ELISA. Sera were obtained at time of killing from rabbits 1, 
2 and 3 months after transplantation with BMX-polymer 
implants; the data are cross-sectional. Antibody titres are 
expressed as the dilution of serum giving 30% binding of 
the standard positive hyperimmune serum. Each point 
represents the mean T S.E.M. for three animals.

com parison to other animal species. An alternative 
explanation is that xenogeneic BMPs are less im m uno
genic in the rat than in other animal species. It has 
been further suggested that any imm unogenic or inhibi
tory com ponents  in a BMX xenograft are due to matrix 
com ponents  of Mr above 50 kDa^^, but such a conclu
sion was not supported  by immunological verification. 
Precisely what they had in mind was also not made 
clear, but the most likely candidate  is BSA, which has 
an Mr of 66 kDa; the present study suggests that once 
rabbits are sensitized to bovine BSA, antigenic 
challenge continues via the oral route and Peyer’s 
patches since the protein is com monly used as a 
b inding agent in rabbit feeding pellets. This might 
explain the finding in the present investigation that 
while the antibody titre to bone-derived growth factors 
was maximal at 4 wk and declined thereafter, the 
antibody titre to BSA was mainta ined throughout the 3

Binnia ter iaLs 1994 ,  V o l .  15 N o .  7



520 Calvarial b on e  repair in rabbit: M.C. Meikle et a!

kDa
66— P? #  # #  
3 6 -  
2 9 -

20
14

1 2 3 C

programme in non-rat models of bone repair  is advisa
ble before considering pbase I clinical trials. However, 
testing recombinant proteins in sucb animal models 
may present problems. First, because the osteo induc
tive potential of BMPs is likely to be com prom ised  by 
the im m une response and, second, the optimal 
composition and configuration of available delivery 
systems bas yet to be established. In sucb c ircum 
stances it may be premature to proceed with clinical 
trials based on the existing preclinical data. N on
hum an BMP preparations still have an important role 
to play in the development of bone graft substitutes, 
particularly for the pre-clinical evaluation of novel 
controlled release delivery systems, but in the present 
state of the art should be used as allografts.
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Figure 7 Immunoblot analysis of serum antibodies to BMX. 
Individual proteins in the BMX preparation were separated 
on SDS-PAGE, immunoblotted onto nitrocellulose strips 
and incubated with serum samples. Sera were obtained at 
time of killing from rabbits 1, 2 and 3 months after transplan
tation with BMX-polymer implants; the data are cross- 
sectional.

month experimental period. Purification by H eparin -  
Sepbarose and hydroxyapatite affinity chromatography 
to remove BSA will improve the osteoinductive 
potential of bovine BMPs in rabbit models of bone 
repair, but even purified xenogeneic bone growth 
factors are likely to provoke cellular and humoral 
immunity.

The findings of other investigators in non-rodent 
models have also been equivocal. Some success has 
been reported in the repair of 14 mm craniotomy 
defects in dogs with bovine BMP^^, but in a subsequent 
study, Nilsson and Urist'*'* reported partial inhibition of 
osteogenesis in the same model following second-set 
transplantation with bovine BMP. Furthermore, in a 
report by Hollinger et a l} ‘̂ in which bovine BMP 
incorporated into a PLA/PGA co-polymer was used to 
repair 28 mm craniotomy defects in M acaca foscicu-  
laris, less than 5% of each site was repaired by bone, 
com pared with 25% for hum an  particulate bone in the 
same carrier and 45% for autogenous bone. They 
reported that histologically there was no evidence of 
an adverse immunological response, but given the 
time-course of the experiment (3-6 months) it is clear 
from our findings that sufficient time had elapsed for 
any cell-mediated imm unity  to have undergone resolu
tion.

In conclusion, the current d ilemma would seem to be 
that although recombinant hum an  BMPs are available 
now  for cl in ical  use'*'^, an exhaus t ive  tes ting
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