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SYNOPSIS

The reconstruction of segmental bone defects resulting from trauma or pathologic
situations like osteosarcoma, osteomyletis or osteoporosis represents the common
and significant clinical problems today, which require bone-graft procedures to
achieve union. Such situations may lead to complications such as shortening of the
structures, nerve and vascular lesions, cutaneous loss, delayed edema and
amputation of the involved member. The cUrrent treatment methods for segmental
defects include autograft or allograft or distraction osteogenesis, but all of them are
subject to limitations such as donor site morbidity, limited supply of material, risk of
infection, immune rejection, pin tract infection, long term hospitalization etc.

The restoration of the structural and functional integrity of the damaged bone
requires (a) the 3D extracellular matrix for the attachment of cells into the osseous
defect (b) pluripotent mesenchymal stem cells capable of differentiating into
osteoblast cells (c) grdwth factors that can direct cells to migrate into the osseous
defect, to proliferate and differentiate into osteoblast cells and (d) formation of a
vascular network throughout the newly formed bone. It is here that the concept of
tissue engineering gains relevance which utilize an appropriate bioresorbable and
biocompatible 3D biomaterial (scaffold) with cells and / or growth factors for the
stimulation of new bone formation in a defect site. The triad of tissue engineering -
scaffold, cells and growth factors - can be used alone or in different combinations
wizth the prospect of mimicking an autograft having the properties of biocompatibility,
osteoconductivity and osteoinductivity. If the scaffolds alone are implanted into the
defect, the repair is strongly dependent on the recruitment and proliferation of host
cells. Conversely, in cell-mediated tissue engineering, the cells can be isolated from
the patients and cultured on the scaffold ex vivo prior to implantation so that a ‘living
tisshe substitute’ may be transplanted to the defect site.

The challenge encountered in tissue engineering paradigm is that the physico-
chemical nature of the biomaterial surface and the biological behaviour of the cell
should coordinate in a sequestered pattern to form a functional tissue. Thus the
selection of a biomaterial is an important aspect where the properties such as pore

size, pore interconnections, surface topography, chemical composition becomes very
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crucial. The biomaterials are ideally supposed to resorb at a rate comparable to that
of the ingrowth of newly formed bony trabeculae. Furthermore, the vascularisation
potential of the biomaterial is also of great concern because it has an effect on cell
survival and subsequently bone formation.

Hard skeletal tissue is a complex composite consisting of cells embedded within a
mineralized organic matrix with a structural similarity to hydroxyapatite (HA). On
account of this similarity, synthetic bioactive ceramic like HA has been extensively
used as a skeletal replacement material with no systemic toxicity or immunological
reactions. However, HA degrades very slowly in course of time and therefore may
remain as a permanent implant in the body which results in long-term failure. Despite
calcium and phosphorous, substitutions of various other elements occur at trace
level in bone mineral which play an important role in the biological activity of bone.
Among these elements, the significant role of silicon (Si) in the growth and
development of bone and cartilage has been reported. In addition, the incorporation
of Si into the composition of bioactive ceramics becomes of great interest because of
their ability to nucleate the precipitation and formation of a calcium phosphate layer
on the implant surface leading to enhanced bone  formation and thereby bone
bonding. In addition, these materials can undergo resorption in par with bone

formation.

In order to promote bone formation, supplement of the cells and the growth factors
having osteoinductive capability is critical. Bone marrow has been shown to contain
a population of cells called mesenchymal stem cells (BMSCs) that possess self
renewal ability and osteogenic differentiation in an osteoconductive environment.
These cells can be administered to the defect site by soaking the scaffold in fresh
bone marrow, but practicality of obtaining enough bone marrow with the requisite
number of BMSCs is limited. Therefore techniques capable of isolating and culture
expanding BMSCs on scaffolds would be of great benefit for enhancing bone
regeneration, particularly in large defects. Similar to osteogenic cells, the
osteoinductive stimuli may also be induced by supplying growth factors. An easy and
more physiological way of application of growth factors to defect site is via the use of
platelet-rich plasma (PRP), a thrombocyte concentrate made of autologous blood.
Platelets are a rich source of many growth factors such as platelet-derived growth

factor, transforming growth factor beta, fibroblast growth factor, vascular endothelial

XViii



growth factor, and insulin-like growth factor.
Research Proposal

Herein a tissue-engineering approach has been proposed, i.e. the combination of
BMSCs and PRP with a novel 3D bioactive ceramic (silica-based HA) as bone
substitute for the repair of segmental defects in goat model. Silica-based HA
included in this study was Triphasic ceramic coated hydroxyapatite (HASi) whose
efficacy was compared with that of Hydroxyapatite (HA). The objectives were
achieved in three phases.

1. Physicochemical characterization of bioactive ceramics

2. Evaluation of tissue-engineered constructs in vitro - Platelet-rich plasma /
fibrin glue coated and uncoated bioactive ceramics in conjunction with
BMSCs

3. Evaluation of tissue-engineered bioactive ceramics in vivo - Extraskeletal

and orthotopic implantation

This dissertation is divided into six chapters: Introduction, Materials and methods,
Results and discussion (Three sections) followed by Summary and Conclusion.

Chapter 1 — Introduction

This chapter begins with the problems associated with segmental defects that occur
due to trauma, osteoporosis or osteosarcoma and the limitations of current bone
reconstruction techniques. In order to develop an ideal bone graft, one has to
understand the basics of bone structure and bone healing process which was
reviewed. Bone tissue engineering, an innovative approach in Regenerative
Medicine today requires suitable scaffolds in combination with living osteoprogenitor
cells or growth factors for the regeneration of bone is discussed. The major
challenges and the main criteria that a scaffold should meet in bone tissue
engineering are highlighted. The roles of bioactive ceramics like HA, tricalcium
phosphate (TCP) and silica-based biomaterials as scaffolds for the repair of
segmental bone defects over the past decades have been reviewed. And above all,
the relevance of mesenchymal stem cells and platelet-rich plasma for cell and growth

factor mediated tissue engineering was also discussed.
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Chapter 2 — Materials and methods
1. Physicochemical characterization of bioactive ceramics:

Bioactive ceramics like HA and HASi was gifted from Bioceramics Laboratory,
SCTIMST. HA was synthesized by wet precipitation method involving calcium nitrate
and ammonium dihydrogen phosphate and sintered at 1200C. For synthesizing
HASI, sintered HA was dipped in silica sol prepared by the hydrolysis of tetraethyl
orthosilicate (TEOS) in an ethanol- water system followed by a second sintering at
1200<C. The microstructure, elemental distribution, phase composition, crystallinity,
functional group, porosity and pore size of> these materials were characterized by
environmental scanning electron microscopy (ESEM), Elemental dispersive analysis
by X-ray (EDS), X-ray diffraction technique (XRD), Fourier transform infrared
spectroscopy (FTIR), and mercury porosimetry. The in vitro degradation of HA and
HASi were studied as per ISO standard 10993-13. For this, the materials were
immersed in phosphate buffered saline (PBS) and the changes with respect to phase
composition and functional groups of these materials were monitored for a period of
2 months. In addition, the cytotoxicity and cytocompatibility of HA and HASi was
determined with L929 mouse fibroblast cell line and Human osteoblast (HOS) cell

line respectively.
2. Evaluation of tissue-engineered constructs in vitro:

BMSCs were isolated and induced to differentiate into osteogenic lineage (OS+
cells) by providing osteogenic supplements. The proliferation and differentiation
patential of gBMSCs in several passages were studied by trypan blue staining and
alkaline phosphatase (ALP) activity respectively. BMSCs and OS+ cells (goat and
human origin) were then cultured on HA and HASi separately for a period of 28 days.
In the second set of experiments, these materials were coated with PRP and fibrin
glue (FG - osteoinductive protein) and cultured with OS+ cells (goat origin). The
coating of PRP and FG on HA and HASi were confirmed through various assays
(platelet count and lactate dehydrogenase assay (LDH) for platelet adhesion; P-
selectin and plasma factor 4 release for platelet activation and ESEM-EDS & Raman
spectroscopy for FG adhesion). These tissue-engineered constructs (uncoated and
PRP / FG coated HA and HASi with cells) were then evaluated in terms of cell
adhesion and morphology (SEM); cell viability, (acridine orange and ethidium

bromide staining by confocal laser scanning microscopy (cLSM) and flow cytometry
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as well as by LDH assay); cell migration (Stevenal's blue and van Gieson’s
picrofuschin staining by Light microscopy) cell proliferation (proliferating cell nuclear
antigen (PCNA) staining by flow cytometry and DNA content by picogreen assay);
cell cycle analysis (propidium iodide staining by flow cytometry); and osteogenic
differentiation by determining ALP activity and expression (biochemical estimation,
cLSM for ALP activity and Real-time PCR for ALP expression), ostepontin
expression (cLSM, flow cytometry and Real-time PCR), osteocalcin (ELISA
technique and Real-time PCR).

3. Evaluation of tissue-engineered constructs in vivo - Extraskeletal and orthotopic
site:

Extraskeletal site (muscle) in rat model: The vascularisation and osteoinductive
potential of bare HA and HASi (without cells) in comparison with tissue-engineered
HA and HASI (cultured with OS+ cells of rat origin for 7 days) at the extraskeletal site
of rat model was evaluated at 2 and 4 weeks. Hematoxylin and eosin staining was
done for studying vascularisation. Stevenal’'s blue and van Gieson’s picrofuschin
staining for neo-osteogenesis, ELF-97 staining for ALP activity and micro-computed
tomography (micro-CT) for mineralization was done for determining osteoinduction.

Orthotopic site (femur) in goat model): The progress of bone regeneration in par with
material degradation was studied in a 2 cm segmental defect created in the femur of
the goat model. Three groups were included for the implantation in the study (a) bare
HASi (without cells or PRP) (b) HASI cultured with OS+ cells of goat origin for 7 days
(c) HASI cultured with OS+ cells of goat origin for 7 days + PRP liquid delivered at
thie defect site at the time of surgery. The performances among the three groups
were compared for 2 and 4 months. Bare HASi groups were additionally determined
for 6 and 12 months. The retrieved tissues were analyzed through radiography,
histology (Stevenal's blue. and van Gieson’s picrofuschin  staining),
histomorphometry, EDS, micro-CT, computed tomography. The biochemical analysis
of }\LP and tartrate resistant acid phosphatase (TRAP) in the serum of the goat
model was done. The material remained at the defect site was also characterized
through XRD and FTIR.
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Results and Discussion
Chapter 3: Physicochemical characterization of bioactive ceramics

The coating of silica over HA was firstly confirmed in HASi. ESEM-EDS depicted that
the core of HASi was polycrystalline with elements like Ca and P while the coated
layer contained Si in addition to Ca and P and was porous and less crystalline due to
Si rich liquid phase formation. XRD revealed that HA has only hydroxyapatite phase.
However for HASI, the core phase was hydroxyapatite together with the peaks for
hydroxyapatite, tricalcium phosphate, and calcium silicate in the outer coated layer.
The FTIR spectra obtained for HA showed the characteristic triplet peak for
phosphate at 961cm™, 1054cm™ and 1088cm™ and hydroxyl groups at 3570 cm™,
while in HASI the peak at 1088 cm™ was absent and the intensity of hydroxyl peak
(3570 cm™) was weak. This may be due to the substitution of silicate group for
phosphate group. Mercury intrusion technique and SEM depicted the interconnected
porous nature of HA and HASi with pore size of about 50 — 500 um. The degradation
studies showed that tricalcium phosphate and calcium silicate present in the outer
coating layer of HASi disappeared after immersing in PBS for 2 months however
there was no change for HA. This indicated the solution-mediated degradation of
HASI. Cytotoxicity studies with L929 fibroblast cells confirmed the non-cytotoxicity of
HA and HAS:i after direct contact with cells (ISO 10993-5). HOS cells adhered and
spread on HA and HASI, with better preference on HAS:.

Chapter 4: Evaluation of tissue-engineered constructs in vitro - Platelet-rich
plasma / fibrin glue coated and uncoated bioactive ceramics in conjunction
with BMSCs

The mesenchymal origin of BMSCs was characterized using markers like CD 44 and
vimentin staining. These cells were able to differentiate into osteogenic lineage in
vitro as defined by the production of collagen-rich matrix, and non-collagenous
proteins like ALP and the formation of mineralized matrix. BMSCs in passage 2 to 5
possessed similar expansion and differentiation potential and was selected for
further tissue engineering studies. BMSCs and OS+ cells (goat and human origin)
showed adhesion, spreading, viability and proliferation on HA and HASI, with
significantly improved performance by OS+ cells on HASI. The cells were able to
migrate towards the internal voids of HASI, while on HA, most of the cells were

restricted on' the periphery of the material. In addition, HASi augmented osteoblast
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commitment and represented “mature osteoblast cells or osteocytes” better than HA,
as revealed by the differentiation studies. This is because the surface chemistry of
silica-based materials is amenable to extracellular matrix proteins that facilitate cell
adhesion and other cellular activities. Since OS+ cells showed improved response
than BMSCs, further studies were carried out only with OS+ cells. The performance
of goat and human cells were comparable in almost all in vitro studies, giving a hope
for extrapolating the results of bone regeneration studies in goat model for human in

future.

The coating of HA and HASi with PRP and FG enhanced the cellular behaviour than
uncoated biomaterials, depicting that the temporary extracellular matrix provided by
FG and growth factors released by activated PRP is a favorite peptide habitat for the
cells. The cells were most compatible with FG coated matrices, still PRP was
selected as signaling agent for in vivo studies because it is cheap and easy to
prepare. Another interesting finding was that the viability and proliferation of cells on
uncoated HASI was significantly higher than PRP and FG coated HA after second
week, signifying that the stimulus issued by the silica content of HASi has reached a
stage above the level of stimulus given by PRP and FG in HA.

Chapter 5: Evaluation of tissue-engineered bioactive ceramics in vivo -

Extraskeletal and orthotopic implantation

Heterotopic implantation studies showed that the vascularisation was low at the
defect site implanted with HA, both in bare and tissue-engineered group. However
HASI and tissue-engineered HASi groups showed a notable increase in the number
of endothelial cells together with thin walled blood capillaries and blood vessels,
attributing the role of silica in improving vascularisation. Similarly, bare and tissue-
engineered HA did not reveal any active site of osteoid deposition in extraskeletal
site. Nevertheless, immature woven bone with osteoblast-like cells was seen around
and within the pores of tissue-engineered HASi group. This was further confirmed
through ALP activity and mineralization studies. The time required for osteogenic
cells to fabricate bone is dependent on the local microenvironment (chemistry)
provided by scaffold and the interactions with the host. Thus silica in HASi has
proved to be a positive factor for the improved vascularisation at the recipient site
which is a dire necessity for bone formation and bone turnover. Since HASi proved to

be a better substrate than HA, the regeneration of bone in segmental defect was
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studied with HASi only.

Orthotopic implantation studies showed that bone had regenerated to bridge the
segmental defect (2 cm) and good integration of the material with the host bone on
either side at an early period of 6 weeks. The new bone formation advanced and was
similar at the peripheral region of the defect in all the three groups, indicating the
osteoconductive and osteointegrative nature of HASI. A notable difference between
the three groups was there in the mid region of the defect. Osteoblast-like cells at 2
months, immature woven bone at 4 months, mature lamellar bone at 6 months and
complete bone remodeling at 12 months was observed in bare HASi groups in the
mid region of the defect. Astonishingly, in tissue-engineered HASI groups, improved
and faster osteogenesis was observed where immature woven bone at 2 months and
mature lamellar bone was formed at 4 months. Additionally, the interconnected
porous structure and the presence of silica directed a progressive degradation
(mainly osteoclast-mediated) of HASi scaffolds. The process was enhanced in
tissue-engineered group highlighting the dependence of material upon the cell and
extracellular matrix deposition for attracting osteoclast cells. The possible
mechanism was hypothesized based on the significant expression of extracellular
matrix proteins like osteopontin on HASI, which promote the adhesion of osteoclast
to the scaffold surface. There were no significant difference between PRP delivered
and non-delivered tissue-engineered groups, with slightly better performance in the
PRP delivered groups.

Chapter 6 - Summary and conclusion of the results

HASI, a new silica-based bioactive ceramic was synthesized to project as a bone
substitute for the repair of segmental defect. In HASI, the silicon ions were
incorporated as an outer coating layer on HA in order to achieve the dual properties
of HA and silica in one product. In vitro studies showed that the highly interconnected
porous structure and chemical composition of HASi was more favourable for the
cellular activities than HA. HASi was also capable of enhancing neo-vascularisation
than HA, giving a hope for the problem of the diffusion of oxygen and nutrients for
maintaining cell survival in large sized bone defects. Orthotopic experiments
revealed that HASi is osteoconductive, osteointegrative and degradative in nature
without fibrous tissue formation and inflammation. The vascularisation,

osteoconductive and osteoinductive property of HASi was significantly enhanced and
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faster in tissue-engineered groups where the cells on scaffolds may have secreted
inductive factors that enhance the osteogenic process. This gives a hope for geriatric
patients and also patients with debilitating patients where the native stem cell
number is low to bring about effective regeneration and repair. Thus the study
suggested the possibility of using tissue-engineered HASI in clinical situations of
segmental defects like osteosarcoma or osteomyelitis or in trauma which still

remains a formidable clinical challenge in clinical Orthopaedic reconstructive surgery.
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CHAPTER 1

INTRODUCTION

11 Summary

The repair of large segmental defects in diaphyseal bone is a significant problem
confronted by orthopaedic surgeons today. Such bone loss results from high energy
trauma, osteomyelitis, congenital pseudoarthrosis or extensive excision of malignant
conditions. Osteotomy followed by bone distraction (the llizarov technique) or
autografts or allografts are the most currently used therapeutic approaches for the
repair of segmental defects. The llizarov technique relies on the regeneration
potential of bone, while the success is counter balanced by long recovery time, pin
tract infection and high inconvenience for the patient (llizarov GA et al., 1969; Green
SA et al, 1992). Autogenous bone graft procedures are considered ‘the gold
standard’ and are having the success rate of 80% to 90%. However, harvesting
autograft requires an additional surgery at the donor site that can result in many
problems like inflammation and chronic pain. In addition, after grafting, complications
such as infections and non-unions frequently occur especially in larger shaft
reconstructions (Seiler JG et al., 2000; Hill NM et al., 1999). Allograft bone taken
from donors or cadavers carries the risk of blood-borne diseases and can be used
only in countries where fresh-frozen grafts are correctly stored and donor-receiver
matched (Gitelis S et al, 2002). Therefore, intensive research efforts are still
underway to seek more alternative graft materials for improving the healing of

segmental bone defects.

In bone healing, healthy progenitor cells recruited to an injured site deposit
extracellular matrix (ECM) and create the necessary bridge in the gap for promoting
the regeneration of damaged bone. A promising approach developed based on this
natural phenomenon is “Tissue Engineering,” which combines engineering principles

with life sciences and exploits the body’s inherent repair mechanism to facilitate the



regeneration of tissues. Tissue engineering consist of three basic components (a)
bioresorbable and biocompatible 3D biomaterial (scaffold) to serve as the matrix (b)
osteogenic cells (c) growth factors, which can be used independently or in

combination.

The scaffolds for osteogenesis should mimic bone morphology, structure and
function to optimize the integration into surrounding tissue. Appropriate porosity and
pore size are necessary for the scaffolds to maximize space for cell attachment,
growth and ECM production. The interconnected porous architecture is another
important criterion that allows even supply of nutrients and oxygen within 3D tissue-
engineered constructs. Hulber et al., (1972) demonstrated that porous discs of a
near inert ceramic exhibited thinner fibrous encapsulation with faster healing in
surrounding muscle and connective tissue when compared to dense discs of the
same composition implanted in the same site. This resulted from mechanical
interlock, which reduced motion between host tissue and implant, eliciting more
passive response from the host. Furthermore, the scaffold should be degradable and
the degradation rate must be tuned appropriately with the growth rate of neo-tissue,
in such a way that by the time the injury site is totally regenerated the scaffold is
totally degraded (Salgado AJ et al., 2004).

The selection of the biomaterial component of tissue engineering is crucial. A wide
variety of biomaterials including metals, polymers and ceramics have been
investigated during the past 30 years, but no single material posses all the properties
re_quired for an ideal bone graft. Among these biomaterials, there has been a
sustained interest in bioactive ceramics like hydroxyapatite (HA, Caio (PO4)s(OH),)
because of its similarity in chemical composition to natural bone and are
biocompatible, osteoconductive and osteointegrative (Hench LL et al ., 1993). But
the use of HA is limited for the repair of segmental defects because of its poor
degradation rate and the lack of osteoinductivity. Hence the interest has developed
in tr;e substitution of controlled levels of different elements into HA lattice to enhance

biocompatibility and degradation rate.

In recent years, some silicon containing bioactive materials have shown promise in
the development of bone implants such as bioactive glass and silicon-doped calcium

phosphate materials. When exposed to body fluids, these materials undergo



corrosion with a leaching of alkali ions resulting in the formation of a silica gel and a
calcium phosphate layer on their surface. Successively, the calcium phosphate layer
will recrystallise into hydroxycarbonate apatite (HCA) layer in vitro and in vivo. HCA
layer of silica-based biomaterials are more similar in terms of crystallinity to the
apatite of bone tissue and consequently a greater bone bonding has been reported
for these materials than for HA (Porter AE et al., 2004a; Porter AE et al., 2004b). In
addition, localization of the element silicon in the active areas of young bone and its
importance in bone metabolism has been reported (Carlisle EM 1980). Silicon has
the capacity to stimulate osteoblast proliferation and differentiation and to activate
bone-related gene expression (Reffitt DM et al., 2003). Therefore bioactive materials
that combine the properties of HA and silicon may open up possibilities to generate

novel bone substitutes for the repair of segmental defects.

The second main component of tissue engineering is the “cells”, which are cultured
on the biomaterial ex vivo and thus allowing the development of living 3D tissue with
ECM for implantation. This approach necessitates large quantities of cells, but the
requirement is difficult to satisfy with differentiated osteoblasts because of their
limited doublings in culture. A solution for insufficient cell supplies is to engineer
bone defect with stem cells. A characteristic feature of stem cells is to self-renew in
an undifferentiated state for prolonged period while retaining the ability to
differentiate into one lineage (unipotent), into multiple cell types (multipotent) or into
cells derived from all three embryonic germ layers (pluripotent). Embryonic stem
cells have many advantages, however, problems with teratoma formation and
immune rejection must be overcome before these cells will be practical for
therapeutic use (Winkler J et al., 2005). Adult stem cells are more beneficial whose
properties include immuno-compatibility of autologous cells, ease of inducing
differentiation to a specific lineage and availability (Barrilleaux B et al, 2006).
Therefore wide spread attention have focused on the isolation and expansion of a
population of adult stem cells located in the bone marrow called mesenchymal stem
cells (MSCs) for the regeneration of large bone defects. Bone marrow-derived
mesenchymal stem cells (BMSCs) have the ability to differentiate to osteoblasts and
promote bone-specific protein synthesis and mineralization in an osteoinductive
environment (Haynesworth et al., 1992; Krebsbach et al., 1999). Since bone marrow

contains stem cells that posses osteogenic potential, some experimental therapies



based on the implantation of fresh autologous marrow for skeletal repair had
developed (Connolly et al., 1991; Hernigou et al., 2006). Nevertheless, the
practicality of obtaining enough bone marrow with the requisite number of
osteoprogenitor cells is limited, particularly as a consequence of aging or disease
(Egrise et al., 1992; D'lppolito et al., 1999). Thus the current approach is to combine
culture-expanded BMSCs with an appropriate scaffold to stimulate bone

regeneration and restore functional bone tissue.

The development of osteoblasts from BMSCs is characterized by a sequence of
events involving cell proliferation, expression of bone-related proteins (cell
differentiation) and synthesis of collagenous ECM. The characterization of these
events would provide knowledge about the factors that govern the process of bone
formation. The biomaterial should be able to promote each of the discrete stages in
osteoblast differentiation pathway. Thus the performance of tissue-engineered
constructs must be investigated initially in an in vitro cell culture system followed by

successful testing in laboratory animals (Oliva A et al., 1998).

The third component of tissue engineering is “growth factors”, which can be either
combined with biomaterials or delivered directly to the defect site (Tementoff JS et
al., 2000). Growth factors influence chemotaxis, differentiation, proliferation and
synthetic activity of bone cells, thereby regulating physiological remodeling and
fracture healing. Numerous growth factors such as bone morphogenetic proteins
(BMP), platelet-derived growth factor (PDGF), transforming growth factor g (TGF-B)
and insulin-like growth factor (IGF) have a stimulating effect on bone healing (Vehof
et al., 2002; Jansen et al., 2005). But, these growth factors are very expensive
(Calabresi et al., 1998). Alternatively, platelet-rich plasma (PRP), a volume of
autogenous plasma that has platelet concentration above baseline, is a proven
source of these growth factors (Fréchette et al., 2005; van den Dolder et al., 2006).
Simijlar to PRP, fibrin glue (FG), a biopolymer matrix, also contains smaller amounts
of many growth factors like TGF-B1, basic fibroblast growth factor (bFGF), epidermal
growth factor (EGF), vascular endothelial growth factor (VEGF) and other
biomolecules like fibronectin (Ho W et al., 2006). The osteoinductive property of FG
has already been reported (Abiraman S et al., 2002). FG has been used to enhance

osteogenesis in human maxillary and mandibular bone (Marrini E et al., 1994).



1.2 Review of Literature

1.2.1 Bone biology

Bone is a complex, highly organized and specialized connective tissue remarkable
for its hardness, resilience, characteristic growth mechanism and regenerative
capacity. It is important to understand the complex anatomy in detail in order to
comprehend the cascade of bone healing in defects and to construct the appropriate

bone substitute.

1.2.1.1 Structure of bone

Bone tissue in the adult skeleton is arranged in two architectural forms: Trabecular or
cancellous or spongy bone (around 20% of the total skeleton) and cortical or
compact bone (around 80% of the total skeleton). The proportions of these two
architectural forms differ at various locations in the skeleton (Buckwalter JA et al.,
1996). Cortical bone is almost solid, being only 10% porous and can be divided into
different subgroups: long bones (femur and tibia), short bones (wrist and ankle) and
flat bones (skull vault and irregular bones). Trabecular bone presents higher porosity
(50 - 90%), making its modulus and ultimate compressive strength around 20 times
inferior than that of cortical bone. It is commonly found in the metaphysis of long
bones and in the vertebral bodies. An outer bone sheath called the periosteum
covers both cortical and cancellous bone, which is continuous except near the joints
and is composed of two layers. The outer layer is fibrous while the inner layer is
more vascularised and contains cells that are capable of becoming osteoblasts
(Sikavitsas VI et al., 2001).

Cortical bone, responsible for the mechanical and protective function, consists
mainly of a number of cylindrical units termed Haversian systems or osteons. Each
osteon consists of a central Haversian canal, which contains neurovascular bundle
surrounded by 4 -20 concentric lamellae of collagen fibers. Between these lamellae
are a number of small spaces termed lacunae where osteocytes are housed and
interconnected through long cytoplasmic processes arranged in canaliculi.
Cancellous bone has sponge-like morphology with a honeycomb of branching bars,
plates and rods of various sizes called trabeculae, accountable for the metabolic
function of bone (Sikavitsas VI et al., 2001).



Although bone tissue is populated by a variety of cells, its functional integrity is
maintained by three different cell types: osteoblasts, osteocytes and osteoclasts.
Osteoblasts are mature and metabolically active bone forming cells whose process
can be subdivided into three stages: a) proliferation b) synthesis of collagenous and
non-collagenous proteins constituting the osteoid matrix and its‘ maturation and c)
mineralization. Osteocytes are mature osteoblasts trapped within the bone matrix
which are involved in the control of extracellular concentration of calcium and
phosphorous as well as adaptive remodeling behaviour via cell-to-cell interactions in
response to local environment. Osteoclasts are multinucleated bone resorbing cells
that release hydrolytic enzymes and resorb the organic and inorganic matrices of
bone (Buckwalter JA et al., 1996).

1.2.1.2 Biochemistry of bone

Bone is a dense muiti-phase materiai or composite made up of cells embedded in a
matrix composed of an organic component (osteoid) (30 - 35% of dry weight) and an
inorganic calcium phosphate component (HA) (65 - 70% of dry weight) (Camerson
DA 1972). The organic matrix consist of approximately 90% type | collagen and 10%
different non-collagenous proteins such as osteocalcin, matrix Gla protein, bone silao
protein (BSP), osteopontin and alkaline phosphatase (ALP). Each of non-
coliagenous proteins is synthesized at each stage of osteoblast differentiation. In
general ALP, BSP and Collagen | are early markers of osteoblast differentiation while
ostegpontin and osteocalcin appear late, parallel with mineralization (Robey PG
1996; Butler WT 2000).

The inorganic matter of bone consists of submicroscopic deposits of a form of
calcium phosphate having a similar (not identical) chemical formula of (Caso [PO4ls
[OH] ; and a Ca: P ratio of 1.8 to 3.2 (Fountos G et al., 1997, Tzaphlidou M et al.,
2003).’The collagenous and non-collagenous proteins in bone matrix are responsible
for promoting the initial nucleation and deposition of bone apatite and regulating the
orientation, size and growth rate of crystals. After nucleation, amorphous calcium
phosphate may be the first precipitate, which is then converted to octacalcium
phosphate and finally to HA that give rigidity and strength to the bone (Eanes E
1992).



1.2.1.3 Bone healing process

The molecular and cellular patterns of bone repair after injury are similar to bone
formation in an embryo, suggesting analogous mechanisms for the bone formation in
adult and embryonic skeletons (Hing KA 2004). The healing of defect can occur in

two ways: (a) Direct or primary healing (b) Indirect or secondary healing.

In direct healing, the bone on one side of cortex unites with the bone on other side of
cortex to re-establish the mechanical continuity and occur without callus formation.
This process occurs by rigid internal fixation and the stability of fracture reduction is

ensured by a substantial decrease in interfragmentary strain (Webb JCJ et al., 2000).

Indirect healing occurs with a callus precursor stage and involves three distinct but
overlapping stages like (a) the early inflammatory stage (b) the repair stage and (c)
the late remodeling stage (Greenbaum MA et al., 1993). In the inflammation stage,
haematoma and hemorrhage formation together with the recruitment of inflammatory
cells occur at the defect site, which peaks 24 h following the injury and is completed
by the first week. The platelets are activated and release growth factors that recruit
MSCs and guide their proliferation and differentiation at the defect site. Clinically
inflammatory stage is associated with pain, swelling and heat. In the repair stage,
stem cells that are stimulated begin to produce new blood vessels, fibroblasts and
form granulation tissue (osseous or cartilaginous tissue) in the space between the
fracture fragments and later undergo mineralization. This stage lasts for about two
weeks and clinically corresponds to the time when clinical union is established. The
local environment determines the route of differentiation undertaken by an
osteogenic cell to form osseous tissue either through intramembranous ossification
(mesenchymal stem cells to osteoblast cells to bone) or through endochondral
ossification (mesenchymal stem cells to chondroblasts to bone). High vascularity i.e.
the availability of nutrients and oxygen in the surrounding environment is necessary
for the nourishment of osteoblast cells while chondroblasts require little or no oxygen
for metabolism. Thus based on internal vascular network, the development of bone
occurs. In the remodeling stage, the woven bone is transformed into lamellar bone
and the process is completed by the return of original shape, structure and
mechanical strength of the normal bone. Remodeling of bone occurs slowly over

months to years and is facilitated by mechanical stress placed on the bone.



1.2.2 Segmental bone defect- A clinical problem

Bone has the remarkable capacity to heal without scar formation, but this
regenerative process fails in patients with large bone lesions or impaired wound
healing, requiring clinical intervention. Segmental bone defects are a serious
problem where the entire segment of cortical bone is resected and there are often
complications such as shortening of the structures, nerve and vascular lesions,
cutaneous loss, delayed edema, which can lead to the amputation of the involved
member (DeCoster TA et al., 2004). Because of the absence of vascularisation and
functional stimulation in these areas and the frequent presence of local infection, the
treatment of these lesions is generally complex and has negative long-term impact
on patient lives. Segmental bone defect can result from (a) acute trauma (b) chronic
infection requiring bone resection (c) chronic non unions due to osteoporosis /

osteomyletis / osteogenesis imperfecta / osteosarcoma.

The most common clinical situation of segmental bone defect is the open fracture of
long bone due to acute trauma (Bonnevialle P et al., 2003; Giannoudis PV et al.,
2003). Open fracture always has some degree of comminution and it is
recommended to remove bone fragments that are contaminated and devoid of soft-
tissue attachment. Inadequate resection of bone increases the risk of chronic
infection because this contaminated devitalized tissue is an excellent medium for
infection and the injured blood supply limits the body’s local resistance to infection.
Some fractures that initially do not ha\)e segmental bone loss become complicated

by chronic infections and resection of bone are necessary to control the infection.

Chronic non unions can happen due to pathological conditions like osteomyletis or
osteoporosis or osteogenesis imperfecta. Osteomyletis is an inflammation or swelling
of bone tissue that usually occur as a result of bacterial bloodstream infection, that
spreads to the bone (Kocaoglu M et al.,, 2006). It can also occur from a nearby
infection due to traumatic injury or frequent medication injections or surgical
procedure. Osteoporosis is a condition characterized by the loss of normal density of
bone resulting in fragile bone. This disease represents one of the most common
bone disorders currently afflicting human populations and can occur due to
hormonal disorders or as a result of medications, specifically glucocorticoids
(Mauney JR et al., 2005; Cole ZA et al., 2008). Osteogenesis imperfecta is a



heterogeneous group of genetic disorders characterized by excessive bone fragility
and accompanied by skeletal deformities such as osteoporosis. The prevalence of
osteogenesis imperfecta within the population is reported at approximately 1 in
15,000 - 20,000 cases per year with incidences occurring within all racial and ethnic
groups. The inability of osteoblasts to generate sufficient quantities of structurally
normal osseous matrix has been implicated as one of the major causes of skeletal
deficiencies observed in these patients (Mauney JR et al., 2005). Osteosarcoma is a
type of bone cancer that develops in bone. The exact cause is not known, but it is
believed to be due to DNA mutations - either inherited or acquired after birth (Chang
DW et al., 2005). These pathologic conditions are very much problematic in aged
patients where there is drastic reduction in the number and activity of
osteoprogenitor cells (Evans CE ef al., 1990) and a decrease in signaling molecules

such as estrogen, IGF-I, and TGF-B (Nicolas V et al., 1994) to regenerate bone.

1.2.3 Current treatments for segmental defect
1.2.3.1 Autogenous graft

Autologous bone graft that is bone taken from one part of the patient's own body,
has been the gold standard of bone replacement for many years because it provides
osteogenic cells as well as essential osteoinductive and osteoconductive elements
for healing (Duffy GP et al., 2000; Morsi E 2002). Vascularised bone grafts can be
harvested from iliac crest or fibula and have a success rate of 80% to 90% with no
risks of immune rejection or disease transfer. As autograft resorbs, re-vascularization
at’Eracts mesenchymal-type cells into the area where they differentiate into

osteogenic or chondrogenic lineage.

However, the problems with autograft may at times outweigh the benefits. The
supply is always limited to fit in the size of defect occur in the long bones of lower
limb, e.g. femur and tibia (Abdollahi K et al., 1999). Another major drawback is that
the harvesting of autograft requires an additional surgery and this adds a degree of
morbidity and may involve massive blood loss, sepsis and pain and an increased risk
for the patient (Prolo DJ et al., 1985). With the autograft procedure, the operation
time is also prolonged considerably with increased costs. Fracture through the graft
has been reported in 25% cases and is most common when the graft begins to

resorb without subsequent bone formation or when the graft does not hypertrophy



that may necessitate reparative surgery with additional morbidity (Minami et al.,
1993). In one retrospective study (1950 — 1969), it was estimated that with 118
autograft taken from the iliac crest, 6% had minor complaints such as harvest site
pain, hypersensitivity and buttocks anesthesia (Cockin J 1971). Younger et al., 1989
examined the medical records of 239 patients and found an overall major
complication rate of 8.6% and a minor complication rate of an additional 20.6%. Vail
et al., (1996) reported 19% incidence of donor site morbidity in their series of 247
vascularised fibula grafts which includes objective - more weakness, subjective -

discomfort in the ankle and other sites in the leg and sensory abnormalities.

1.2.3.2 Allograft

Allograft bone involves harvesting and processing bone from a cadaver and
transplanting to a patient. It has been used extensively in the reconstruction of bone
defects after tumour excision and is available in abundant supply. But the rate of

incorporation of allograft is lower than with autograft (D'Agostino P et al., 2007).

Allograft demonstrates a lower osteogenic capacity and therefore new bone
formation may occur at a slower rate. It introduces the possibility of pathogen
transfer from donor to host and although infrequent, infections ascribed to donor-host
transmission following allografting procedures do occur. Some (Boyce T et al., 1999)
have estimated that the risk of human immunodeficiency virus transmission with
allograft bone is 1 in 1.6 million populations. Hepatitis B and hepatitis C transmission
have also been reported with allograft tissue (Tomford WW 1995; Centers for
Disease Control and Prevention 2001, 2002).

1.2.3.3 Distraction osteogenesis

The technique introduced by Russian orthopedic surgeon Gauvril llizarov is a widely
used method of treatment for segmental bone defects (Huang SC 1997; Cattaneo R
et al, 1992). In this technique, a corticotomy (cutting of cortical bone into two,
leaving intact the medullary vessels and periosteum) is followed by gradual
movement of two cut ends of the bone during the distraction phase allowing new
bone to form in the gap. The limb is stabilized with a circular external fixator. The
common distraction rate for lower limbs is 1 mm per day and if the rate is rapid, the

bone pieces will be joined with fibrous tissue rather than osseous tissue.
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Besides the positive impact, there is a high chance of traction injury to nerves and
other soft tissues. The pin track can become infected and a major neurovascular
bundle may be punctured during pin placement. The docking site may need
additional bone grafting for bony union This technique requires specialized training
and equipment, long treatment durations and it is associated with frequent
complications (Green SA et al., 1992; Tomi¢ S et al., 2007).

1.2.4 Necessity for an ideal bone graft

Due to several problems associated with correct therapies and to improve countless
lives of patients, demand for an ideal bone graft for the repair of segmental defects
has necessitated. The best bone substitutes are naturally those with biomechanical

and biological properties most closely resembling those of normal bone.

An ideal bone graft should be (a) Biocompatible (b) osteoconductive (c)
osteointegrative (d) osteoinductive (e) osteogenic (Damien CJ et al., 1991).
Biocompatible materials do not irritate the surrounding structures, do not provoke an
abnormal inflammatory response, do not elicite allergic reactions and do not cause
cancer. Osteoconductive materials allow the ingrowth of blood vessels and
osteoprogenitor cells from the recipient bed into the implant and this property is
found in cancellous autografts and allografts, demineralized bone matrix, HA,
collagen and calcium phosphate materials. Osteoinductive materials recruit MSCs
located near the graft or from revascularization and induce the differentiation of stem
cells into osteoblasts. The process is typically associated with the presence of bone
growth factors or cells within the graft material. Osteogenesis is the ability to produce
new bone that depends on the presence of live bone cells (osteoprogenitior cells or
inducible osteogenic precursor cells) in the graft, which participate in the early stages
of healing process and unite the graft material with host bone. This property is found

only in fresh autogenous bone and in bone marrow cells.

1.2;5 Bone Tissue Engineering

An important approach to develop an ideal bone graft is to allow natural tissues to
regenerate at defect site by providing a structural support for the proliferation and
differentiation of cells. Such a regeneration induction can be achieved by a new

emerging field of medical science called “Tissue Engineering.” It is defined as “an
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interdisciplinary field of research that applies the principles of engineering and life
sciences towards the development of biological substitutes that restore, maintain or
improve tissue function” (Langer R et al., 1993). It utilizes a 3D porous biomaterial
with cells and growth factors to fill the tissue void, to provide structural support and to
form tissue with in the body upon transplantation. Thus the triad of tissue engineering
consists of (a) 3D biomaterial (scaffold) (b) cells and (c) growth factor, each of these
can be used independently or in combination. Among them, the scaffold is main

component in determining the ultimate achievement of tissue-engineered graft.

1.2.5.1 Triad of Bone Tissue Engineering .

Bone has a 3D configuration that demands a 3D biomaterial that mimics bone
morphology, structure and function in order to optimize: the integration into
surrounding tissue (Temenoff JS et al., 2000; Salgado AJ et al., 2004). The
biomaterial should fulfill some essential requirements in order to be recognized as an
“ideal material”. It should well integrate in the host tissue without eliciting an immune
response (biocompatible). It should have interconnected porosity to direct the cells to
grow into desired physical form and to support vascularisation of the ingrown tissue.
Pore size is a very important issue because if the pores are too small, pore occlusion
by the cells will happen that will prevent cellular penetration and neovascularization
of the inner area of the scaffold. The optimal pore size ranges between 200 - 400 um
since an average size of human osteon is approximately 223 ym (Holmes RE 1979).
Surface properties, both chemical and topographical, are related with the protein
adsorption capability of the biomaterial and thus can control and affect cellular
adhesion and proliferation (Zhu X et al, 2004). Another important property of
concern is degradation, where the degradation rate of biomaterial must be tuned
appropriately with the growth rate of neo-tissue (Hutmacher DW 2000). The
degradable products from the biomaterial and its effect on body should also be
considered for the success of the scaffold. In addition, the scaffold must be
sterilizable to prevent infection and the method of sterilization must not interfere with
the bioactivity of the material or significantly alter its chemical composition, since this

could modify the material’'s biocompatibility or degradation products.

The second important module of tissue engineering is the cells. Bone contains a
variety of cell types: vascular cells, marrow cells, pre-osteoblasts, osteoblasts,
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osteocytes, chondroblasts and osteoclasts, all executing distinct cellular functions to
allow the bone to work as a highly dynamic organ (Wiesmann HP et al., 2004). All
these cells are necessary to build up a ‘real’ bone, but the application of living
osteogenic cells is considered to be sufficient for engineering bone in vitro. An ideal
cell source should be easily expandable to higher passages, noh-immunogeneic and
have a protein expression pattern similar to the tissue to be regenerated. Thus better
cell source is ‘osteoblasts’ taken from patient’s own body (Salgado AJ et al., 2004;
Wiesmann HP et al, 2004). Another alternative is ‘adult stem cells’, which are
undifferentiated cells with a high proliferation capability, being capable of self-
renewal, multilineage differentiation and above all, regeneration of tissues.

The third approach in tissue engineering is the use of growth factors together with
scaffolds so that it can initiate intracellular signaling that will lead to different events
such as cell adhesion, proliferation, migration and differentiation. The most common
growth factors that are realistically proposed for bone tissue engineering applications
include BMPs, TGF- B, FGF, IGF | and |l and PDGF (Salgado AJ et al., 2004). In
1965, Urist discovered that demineralized bone matrix could induce bone formation
when placed ectopically in subcutaneous tissue and the capability was attributed to
BMPS, which is expressed during the early phases of fracture healing (Urist MR
2002). TGF- B recruit MSCs to the healing site, stimulates osteoblast-like cells to
proliferate, promotes collagen production and increases callus formation on the
fracture healing site (Zimmermann G et al., 2003). IGF | and Il have similar effects on
bone metabolism and upon injury they stimulate type | collagen synthesis and
increase matrix apposition rates. They also maintain collagen integrity in the bone
microenvironment by decreasing collagen synthesis or by increasing the expression
of interstitial collagenase by osteoblasts (Jadlowiec JA et al., 2003). FGF is involved
in the regulation of the delicate balance between bone forming cells and bone
resorbing cells and the development of new blood vessels (Hurley MM et al., 2002).
It has also a role on the stimulation of an osteogenic phenotype through the
activation of Cbaf-1/Runx 2 nuclear transcription factor. PDGF produced by
osteoblasts, platelets and monocytes is believed to have a role in the migration of
MSCs to the wound healing site (Khan S et al., 2000).
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1.2.5.2 Scaffolds for Bone Tissue Engineering

The scaffolds for bone tissue engineering include metals, polymers and ceramics.

Each of these materials has its own advantages and disadvantages.

1.2.5.2.1 Metals

Metals provide strength and toughness that are required in load-bearing parts of the
body and these include engineering alloys such as cobalt-chromiun alloys, stainless
steel and titanium alloys. Porous-coated vitallium intramedullary rods exosteally
bridged 1 cm segmental defects in rabbit tibias (Collier JP et al., 1976). The bioactive
titanium cage enhanced the bone repairing process and achieved the torsional
stiffness and lamellar bone by 8 weeks in a 1 cm segmental defect in rabbit femur
(Shunsuke F et al., 2003). The patients who sustained open Gustilo-Anderson Type
[lIB tibia fractures resulted in segmental bone loss was reconstructed successfully
with a cylindrical titanium mesh cage packed with a composite of cancellous allograft
and demineralized bone matrix putty (Attias N et al.,, 2008). The cylindrical titanium
mesh cage packed and surrounded with a standard volume of morselized canine
cancellous allograft and canine demineralized bone matrix facilitated healing of a

canine femur diaphyseal segmental defects (3 cm).

Neverthless, the risks of infection and difficulty with the removal of metallic cages are
concerns. These implants corrode in an in vivo environment, which cause harmful
effect on the surrounding tissues and organs (Hgl PJ et al., 2008; Singh R 2007).
Another crisis is stress shielding, which occur due to higher modulus of elasticity of
the metals that prevents the bone from being properly loaded and lead to bone
resorption (Hassan MH 2004; Simon JA 1997; Pietrzak WS 1996). Thus the use of

metallic implants is of considerable concern for the repair of segmental defects.

1.2.5.2.2 Polymers

The medical use of synthetic polymers has a long history, but there are very few
polymers as potential matrices of bone analogues. It include natural polymers (fibrin,
collagen, gelatin, hyaluronan) and synthetic polymers (poly (lactic acid) (PLA), poly
(glycolic acid) (PGA), poly (lactic-co-glycolic acid) (PLGA). PLGA capsules implanted
in a 0.5 cm segmental femoral defect in rats did not show bridging of the defect at 8
weeks after implantation (Isobe M et‘a/., 1999). Four centimeter long diaphyseal
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segmental defects in the tibiae of Swiss mountain sheep covered with resorbable
membranes from poly (LDL-lactide) did not show bone healing (Gugala Z et al,
1999). Tubular microporous membranes prepared from poly (L/D-lactide) formed
fibrous tissue layer at host bone-implant interface while poly(L/DL-lactide) exhibited
osteointegration with bone in diaphyseal segmental defects (1 cm) in the radii of
mature rabbits (Gogolewski S et al., 2000). When PLGA with similar porosity to
human trabecular bone was evaluated for the repair of femoral segmental defect in
New Zealand white rabbits, the bone formation index was low (Fialkov JA et al.,
2003). PLGA coated gelatin sponge failed to show radiographic union in a 1.5 cm
unilateral segmental bone defect created in the ulnar diaphysis of a Japanese white
rabbit (Kokubo S et al., 2003). Thus most of the polymers failed to integrate with

bone, leading to fibrous tissue formation and inflammation.

1.2.5.2.3 Bioactive ceramics

The third group of scaffolds, bioactive ceramics is the most preferred biomaterial
after autograft because of its characteristics to form biologically active HCA layer on
the surface of the material upon implantation, providing interfacial bond. Bioactive
ceramics include calcium phosphate ceramics like HA and Tricalcium phosphate
(TCP) and also Bioglass and A-W glass-ceramics (Wang M 2003).

1.2.6 Calcium phosphate ceramics as scaffolds for Bone Tissue
Engineering

Using a synthetic compound that is similar in composition to bone apatite is
perceived to be more advantageous for replacing hard tissue. On account of this,
synthetic stoichiometric HA has been extensively utilized as a skeletal replacement
material (Hench LL et al, 1993). HA is having a definite composition,
Cayg (PO4)s(OH), and has as a theoretical composition of 39.68 wt% Ca, 18.45 wt%
P, Ca / P wt ratio of 2.151 and Ca / P molar ratio of 1.667. It possess a hexagonal
Bravais lattice and a P63 / m space group with cell dimensions of a = 9.1404 and ¢ =
6.8747 A. HA possess excellent biocompatibility and osteoconductivity which has
been related to their propensity to nucleate HCA crystals. When placed in bone
tissue, a gradual change on the ceramic surface occurs that leads to the dissolution
of calcium and phosphate ions from HA. This process may either occur through

surrounding environment (extracellular fluid) or mediate by osteoclasts. Dissolution
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generates increased concentration of calcium and inorganic phosphate in the space
between the existing bone and the implant. The precipitation of HA into this space
results in a carbonate-containing, calcium deficient hydroxyapatite (HCA) layer at the
surface and promotes bonding of the implant with the bone without an intervening
fibrous layer (Daculsi G et al., 1990; Tachibana Y et al., 2003).

Another attractive member of the calcium phosphate family is TCP (Ca; (POy)2),
which plays an important role as a bioresorbable bioceramic. Similar to HA, TCP also
form HCA layer and has been used for bone repair in the form of blocks or granules
(El-Ghannam A 2005). |

1.2.6.1 Tissue Engineering approaches with calcium phosphate ceramics

There are three tissue engineering approaches for the healing of bone: (a) Tissue in
growth - The biomaterial simply acts as a matrix to encourage the migration and
proliferation of cell types from the host tissue to form a new tissue. Thus, healing is
dependent upon the contribution from native cells (b) Cell transplantation - The cells
are isolated from the patient, expanded in vitro, seeded on the biomaterial and
transplanted into the defect site and (c) Delivery of bioactive molecules - the growth
factors are delivered to the defect site either directly or after encapsulated in the
biomaterial (Temenoff JS et al., 2000). Three approaches of tissue engineering with
calcium phosphate ceramics for the repair of segmental defects are discussed

below.

1.2.6.1.1 Tissue ingrowth

When coralline HA and sintered TCP were evaluated to quantitate- the bone ingrowth
and biodegradability in the diaphysis of rabbit tibias (0.3 cm in diameter by 0.8 cm in
length), bone regeneration was noticed in two scaffolds, but HA did not show
appreciable degradation until 24 weeks (Shimazaki K et al., 1985). One study was
designed to determine which of the several bone grafting materials would be the
most appropriate substitute for autogenous grafts in the treatment of long bone
segmental defects. The segmental defect (1 cm in rabbit ulna) was repaired with
autogenous iliac crest bone, autogenous cortical bone (ulna), HA, HA-demineralized
bone matrix composite graft, freeze-dried bone (allograft) and demineralized bone

matrix. The results showed that the demineralized bone matrix and HA-
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demineralized bone matrix composite graft is comparable in performance with
autograft in mechanical strength and rate of union. On the contrary, freeze-dried
bone and HA did not appear to be a suitable material for grafting segmental bone
defects (Hopp SG et al., 1989). Another study reported that between 1981 and 1986,
HA was used in 45 patients, combined with autologous cancellous bone graft in 38
cases and used alone in seven cases to fill bone defects after removal of bone cysts
and in trauma, for long fusions in patients with scoliosis, for non-union in lumbosacral
area, for anterior vertebral fusions, in limb sparing operations for malignant bone
tumours and in revised operations after failed joint endoprostheses. About 36
patients were reviewed up to sixty months after operation and the results were
encouraging with no difference in progress compared with patients in whom simple
autologous bone grafts had been used (Heise U et al.,, 1990). The cylinders of HA,
bioactive glass and TCP showed bone-implant union when implanted in tibial
segmental defects in sheep at 4 months (Gao TJ et al., 1995). When biocoral and
TCP cylinders were implanted in osteotomized sheep tibial defects (1.6 cm in
length), better osteointegration and biomechanical performance was observed in
biocoral cylinders and seemed to be superior to TCP after 16 weeks (Gao TJ et al.,
1997). Porous ceramic cylinders consisting of HA (65%) and B-TCP (35%) showed a
radiographic union at the interface between host bone and implants when implanted
in the femora (2.1 cm) of adult female dogs. A small amount of trabecular bone
formed at the cut ends of the cortex of host bone, but the mid region of defect was
filled with fibrous tissue (Bruder SP et al., 1998b). Extensive integration of HA with
host bone was detected when implanted in tibial diaphyseal defect (3.5 cm) of adult
sheep (Marcacci M et al., 1999). When porous interconnected HA and HA / TCP (60
/ 40) ceramics were used in segmental bone defects in rabbits, the densities at the
bone-ceramic interface decreased gradually with time indicating its limited

application in the treatment of segmental bone defects (Balgik C et al., 2007).

1.2.6.1.2 Cell Transplantation

Eventhough osteoblasts are the preferred cell source, there are very few reports
showing the application of calcium phosphate ceramics in combination with
osteoblasts for segmental defects. This is because of the limited doubling potential of
osteoblasts in vitro so that it may be insufficient to rebuild damaged bone tissue in a

reasonable time (Salgado AJ et al, 2004). In addition, in certain bone related
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diseases osteoblasts may not be appropriate for transplantation because their

protein expression profile is below the expected values (Heath CA 2000).

Therefore, the first cell-based attempt for bone tissue engineering was focused on
fresh autologous or syngenic bone marrow, a source of osteogenic cells. The
addition of autologous bone marrow to HA ceramics did improve healing of a
segmental defect (3 cm) in the midshaft of sheep tibia (Wippermann B et al., 1999).
The combination of resorbable calcium phosphate ceramics with autologous bone
marrow does not provide an alternative for autologous bone grafting in a 3 cm tibial
segmental defect (Blokhuis TJ et al., 2000); When a 3 cm segmental defect in the
tibia of sheep model was repaired with autologous bone marrow and HA, bony
bridging in the defect was enhanced than with HA alone group (den Boer FC et al,,
2003). In most of the studies, the addition of bone marrow did not improve bone
healing because osteoprogenitors represent only 0.001% of the nucleated cells in
adult marrow and it is impractical to obtain sufficient amounts of bone marrow to heal

large defects.

The current state of art within bone tissue engineering consists of the combination of
culture-expanded MSCs with 3D porous biomaterials. In 1997, Kadyiala et al.,
showed that MSCs in combination with porous ceramic scaffolds could repair
segmental defects (0.8 cm) in the femora of rats in 8 weeks. Human MSCs loaded
ceramics were significantly stronger and regenerated bone in segmental defect in the
femur of adult athymic rats at 12 weeks (Bruder SP et al., 1998c). Autologous MSCs
cultured onto porous ceramic cylinders consisting of HA (65%) and B-TCP (35%)
regenerated lamellar bone throughout the defect (2.1 cm) in canine model at 16
weeks (Bruder SP ef al.,, 1998b). The use of autologous BMSCs in conjunction with
HA resulted in faster bone repair compared to HA alone when implanted in tibia of
sheep model (Kon E et al., 2000). The bone defect (2.1 cm) in the femoral diaphysis
of adult dogs was repaired with allogeneic MSCs loaded onto a hollow ceramic
cylinder consisting of HA-TCP. Histologically by eight weeks, a callus spanned the
length of the defect and at sixteen weeks, new bone had formed throughout the
implant (Arinzeh TL et al, 2003). Engineering bones with porous TCP and
~ autologous MSCs in sheep metatarsus were capable of repairing segmental defect
(2.5 cm) almost completely at 24 weeks in creep substitution way without

progression through a cartilaginous intermediate (Li Z et al., 2005). Highly porous HA
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scaffolds loaded with in vitro expanded BMSCs depicted new bone from week 8 and
was arrested at week 24 (Komlev VS et al, 2006) in immunodeficient mice.
Autogenous BMSCs with B-TCP ensured bone formation and vascularisation
throughout the defects (3 cm) in the mandibles of the dog (He Y et al., 2007).

1.2.6.1.3 Delivery of bioactive molecules

When bFGF gene modified MSCs seeded on porous B-TCP ceramics and grafted
into 1.5 cm segmental bone defect in the radius of New Zealand white rabbits, bone
healing was accelerated through capillary regeneration (Guo X et al., 2006). The
release of BMP-2 from the encapsulated PLGA / HA composite scaffolds increased
the bioactivity of the material leading to improved new bone formation in segmental
defects in vivo (Fu YC et al., 2008).

1.2.7 Challenges in Bone Tissue Engineering

The main problem encountered in bone tissue engineering is the design of an ideal
biomaterial. The degradation nature of biomaterial is an important issue where the
degradation rate of material should be in par with the rate of tissue regeneration. If
the material degrades faster, it will not support tissue mechanically. Whereas, if the
degradation rate of biomaterial is poor, the full repair or function or remodeling of
bone could be limited because of long term foreign sequestration in the body. HA is
resistant to resorption in vivo, which occurs at a rate of 1 - 2% per year (Constantino
et al, 1994). On the other hand, TCP was found to resorb within days to weeks in
vitro and in vivo and the bone volume produced will always be less than the volume
of TCP resorbed (Holinger JO et al.,1996). The biodegradation of TCP and HA relies
on solution and osteoclast-mediated mechanisms, both of which are related to
implant surface area and surface chemistfy (Hing KA 2006). This signifies the
importance of the selection of the material with appropriéte chemical composition

and porosity for the intended application.

Another relevant limitation of many tissue-engineering attempts is the insufficient
oxygenation and nutrition of cells and ultimately mass infection in the central portion
of the 3D biomaterial after transplantation. In vivo, the distance between cells and
blood capillaries, which provide nutrients and oxygen and at the same time account

for waste elimination, ranges from 20 — 200 um. In vitro, sufficient nutrition and
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oxygenation of cells by diffusion is limited to a distance of 100 — 200 pm (Volkmer E
et al., 2008). Small pore size of the scaffolds may in fact become a limiting factor for
the size of blood vessels and thus restrict blood flow beyond a limit. Thus in large-
sized tissue-engineered constructs, a gradient in tissue quality emerge including
inhomogeneous cellular proliferation and differentiation from outer areas of the
scaffold towards the centre of the constructs (Mastrogiacomo M et al., 2006b;
Scaglione S et al.,, 2008). Therefore the internal architecture of 3D biomaterial is a
major aspect that influences vascularisation, which is a dire necessity for the survival

of transplanted cells in tissue-engineered constructs.
1.3 Development of hypothesis

The mainstay of this study was to propose a novel 3D bioactive ceramic for the
repair of segmental defects. Since synthetic HA is associated with problems like
degradation, the modification of the chemical composition of HA was done by
incorporating silica with the proposition of improving the properties like
osteoconduction, osteointegration and degradation. The material was designed with
interconnected open porosity to avoid major limits to vascularisation and neo-bone
matrix deposition. This architecture and chemical composition may offer to the cells
an osteoconductive surface to adhere, proliferate, differentiate and deposit
mineralized matrix and thus allowing in principle an exponential bone ingrowth. The
engineering of this biomaterial with MSCs may generate osteoinductive signals at the
site of bony repair, equivalent to a true autologous bone-graft. In addition, the
delivery of growth factors at the injury site may improve the proliferation and
differentiation of indigenous MSCs and direct vascular ingrowth for enhanced bone
healing. Thus our focus was on assuring the cytocompatibility and functionality of
MSCs on the material in vitro followed by its ability to support vascularisation,
osteoconduction, osteoinduction and osteointegration in vivo. The influence of
growth factors on the proliferation and functionality of cells was also studied in vitro

and in vivo.
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1.3.1 Scaffold of choice
1.3.1.1 Role of silica in bone physiology

Bone mineral is calcium phosphate based with various substitutions, in particular
carbonate ions that are found up to 8 wt% as well as elements such as Na, Mg, K,
Sr, Zn, Ba, Cu, Al, Fe, F, Cl and Si that occur at trace levels (< 1 wt%) (Elliot J
1994). These substitutions in the apatite structure play important role in the biological
activity and in particular silicon (Si) has found to be essential for normal bone growth -
and development (Carlisle EM 1972). Si is present at a level of 100 ppm in bone and
ligaments and 200 — 600 pprh in cartilage and other connective tissues (Schwarz K
1973). The presence of Siin ECM components implies its role as a biological cross-
linking agent that contributes to the architecture and resilience of connective tissues
(Schwarz K 1973). Carlisle has demonstrated significant dependence of healthy
skeletal development on Si (Carlisle EM 1970; Carlisle EM 1980). In one study, rats
raised with Si supplemented diet showed 33.8% increase in growth rate compared to
Si deficient animals (Schwarz K ef al, 1972). Si was implicated in early
biomineralisation process when electron microprobe examination of bones showed
Si localized at active calcification sites in the bones of young mice and rats (Carlisle
EM 1970). Aqueous Si in the form of orthosilicic acid (Si (OH),) was able to induce
the precipitation of HA from electrolyte solutions even in the presence of proteins that
normally inhibits its precipitation (Damen JJ et al., 1992; Tanizawa Y et al., 1995). A
recent comparison of dietary Si intake with bone mineral density (BMD) in humans
found that BMD was positively and significantly linked to dietary Si intake in men and
premenopausal women (Jugdaohsingh R ef al, 2004). Studies using dietary
supplementation of Si with ovarectomised mice indicate Si has roles in the
remodeling process in bone (Nielsen F et al., 2004). 'Aqueous Si has been shown to
enhance osteoblast proliferation, differentiation and collagen production and to have
dose dependent effect on osteoclast cells under in vitro conditions (Pietak AM et al.,
2007).

1.3.1.2 Silica-based biomaterials

Given the significant roles of Si in the enhancement of bone growth, it is not
surprising that bioceramics that incorporate Si into their composition demonstrate
higher bioactivity. These include materials with high Si levels such as Bioglass and
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apatite-wollastonite as well as calcium phosphate based materials with trace levels
of Si doping such as Si-HA and Si-TCP. On immersion in body fluids, these materials
facilitate three general processes at the interface on the implant side: leaching,
dissolution and precipitation. Leaching is characterized by a rapid exchange of
sodium or potassium with H and HsO" ions in extracellular fluid, where the process
is controlled by diffusion. Network dissolution occurs concurrently by breaking of Si-
0O-Si-O-Si bonds through the action of hydroxyl (OH) ions and form silicic acid [Si
(OH)4]. The hydrated silica (SiOH) undergoes rearrangements by polycondensation
of neighboring silanols, resulting in a silica-rich gel layer. In the precipitation reaction,
calcium and phosphate ions released from the material together with those from
extracellular fluid form an amorphous calcium-phosphate-rich layer on the surface. It
later crystallizes to form HCA structure by incorporating carbonate ions (OH", COs*
or F’) from the solution. Rapid growth of HCA agglomerates incorporates collagen
fibrils that promote bonding with bone (Hench LL et al., 1993; Nordstrom EG et al.,
2001).

Bioglass are melt-derived glasses having the base components of SiO,, Na,O, CaO
and P,0Os in specific proportions. The first and most well studied composition termed
Bioglass® 45S5 contains 45% SiO,, 24.5% Na,0, 24.4% CaO and 6% P,0s, all in
weight percent, was introduced by Hench in 1970s (Hench LL et al., 1993). A study
comparing in vivo bone ingrowth and in vitro apatite formation on Na,O-CaO-SiO,
glasses illustrated that the depth of bone ingrowth among glass particles increased in
proportion to their apatite forming ability in vitro. Furthermore, silicate ion substitution
stimulated osteoblast-like cell activity in vitro when compared to stoichiometric HA
(Fujibayashi S et al., 2003). However, Bioglass is not suitable for major load-bearing
applications due to its bending strength which is in the range of 40 - 60 MPa. Another
drawback is mechanical weakness and low fracture toughness due to an amorphous
two-dimensional network (Wang M 2003). Additionally, the presence of NayO in
Bioglass can cause rapid change in interfacial pH in biological fluids. Very few
reports have showed the use of bioactive glass for the repair of segmental defects.
The bone formation was observed in a segmental defect created on the radius of
adult Black Bengal goats, 3 months post-implantation (Nandi SK et al., 2008). Nova
Bone - a synthetic bioactive glass particulate consisting of 45% silicon dioxide, 45%

sodium oxide, 5% calcium and 5% phosphate regenerated bone in frontal bone
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defect (1 cm x 2 cm) that occurred in a patient due to trauma (Copcu E et al., 2007).

The second group of silicate glasses includes glass ceramics, which is prepared by
melting and controlled crystallization method by Kokubo in 1982 (Hench LL et al.,
1993). This glass ceramic was named apatite / wollastonite (A-W) after the names of
crystalline phases. It is commercially called Cerabone® A-W, which comprises of
apatite, wollastonite and residual glassy phase in 38, 34 and 28 wt% respectively.
The composition of glassy phase estimated to be MgO 16.6, CaO 24.2 and SiO,
59.2 wt% (Hench LL et al., 1993). The bioactivity of glass ceramics is much higher
than that of sintered HA (Wang M 2003). Thbey are being used as space fillers in the
iliac crest, as vertebral and as posterior lumbar fusion body cages. The applications
of glass ceramics are limited for the repair of segmental defects because they are
not as strong as biostable ceramics. One study has showed the use of glass-ceramic
in a segmental defect (1.6 cm) in the tibia of the rabbit where a calcium-phosphorus
layer without interposition of soft tissue was observed at the interface (Kitsugi T et
al., 1989).

The third group is Si-substituted calcium phosphate ceramics. Two main examples
are Si-HA and Si-a-TCP. The single-phase Si-HA materials are manufactured
commercially by Apatech Ltd. under the trade name ActifuseTM and multiphase Si-
a-TCP by Millennium Biologix Corporation under the trade name SkeliteTM (Pietak
AM et al., 2007). The synthesis of Si-HA and Si-a-TCP has focused on wet chemical
methods where Si is introduced as a chemical carrier from tetraethyl or propyl ortho-
silicate (TEOS or TPOS). The phase composition of the materials are highly
dependent on Ca / (P+Si) and Ca / P ratio of the system, the level of Si addition, the
method of introducing Si to CaP and sintering conditions, most notably the sintering
temperature. Silica substituted materials increased the bioactivity even in the
presence of inhibitors to calcium phosphate precipitation (Damen JJ et al., 1992).
Thg time required for forming the spontaneous precipitation of HCA layer decreased
with increasing silicate ion substitution in simulated body fluids (Porter AE et al.,
2004a; Porter AE et al., 2004b). An in vivo study comparing the biological activity of
Si-HA and HA granules reported a 14.5% increase in bone ingrowth in Si-HA versus
HA controls (Patel N et al., 2002). In addition to enhanced bioactivity, silica based
ceramics degrade faster than HA. A preferential release of silicate ions from Si-HA

was demonstrated since the incorporation of silicate ions into HA lattice would distort
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and destabilize the structure, therefore making silicate ions to dissolve energetically
favorable from HA (Pietak AM et al., 2007). In addition, Si-TCP and Si-HA materials
supported the development of osteoclasts from mononuclear precursors and thereby
lead to the resorption of the material by these cells (Botelho CM et al., 2006). Even if
ActifuseTM and SkeliteTM have many positive qualities, they are usually prepared as
granule formats, which is not intended to use for bone defects in load bearing areas
(Pietak AM et al., 2007). Nevertheless, one study has showed that Si-TCP promoted
the repair of a segmental defect in sheep model (4.5 cm) and after 2 years, the
material was completely resorbed with the regeneration of highly mineralized

lamellar bone (Mastrogiacomo M et al., 2006a).

1.3.2 Cell of choice

1.3.2.1 Mesenchymal stem cells

In bone tissue engineering, there has been special interest in stem cells located in
the bone marrow known as mesenchymal stem cells. The idea that bone marrow
contained some kind of osteogenic precursor cells started in 1963, when Petrakova
showed that by implanting pieces of bone marrow under the renal capsule, it was
possible to obtain an osseous tissue. Almost 20 years later, Caplan gave these cells
the name they have today, mesenchymal stem cells (Caplan Al 1991). MSCs have
been isolated from various tissues, including bone marrow, fat, umbilical cord blood,
and even peripheral blood and among them bone marrow is the most preferred
source. These cells can be cultured and expanded in vitro and can differentiate into
bone, cartilage, fat, muscle, skin, tendon and other tissues of mesenchymal origin,
through what is called “The Mesengenic Process” (Caplan Al 2005). The
multipotency of MSCs has been further exemplified by the observation that after the
transplantation of these cells into a host animal, an ectopic ossicle consisting of
osteoblastic, adipogenic and chondrogenic tissue phenotypes has been developed
(Mauney JR et al., 2005).

The deployment of MSCs have been reported for many bone regeneration studies.
Previous works have demonstrated that MSCs alone can be used in the repair of
bone (Pelled G et al., 2002; Mauney JR et al., 2005). But if a defect is filled with
MSCs alone, it require a great many of MSCs and it is difficult to keep MSCs in the

defect region, which will ultimately lead to the formation of connective tissue than
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true bone (Turgeman G et al., 2001). For this, MSCs have been combined ex vivo
with 3D porous ceramics which has been demonstrated to enhance their osteogenic
capacity by accelerating bone formation and osseointegration (Bruder SP et al,,
1998a; Warren SM et al., 2004).

Although the implantation of MSC-seeded biomaterials has shown to significantly
increase skeletal repair, additional in vitro culture methods have been developed that
promote osteogenic differentiation of MSCs in vitro in lieu of in vivo incorporation. For
example, precultivation of MSCs on HA constructs in the presence of osteogenic
supplements including dexamethasone, ascbrbic acid and B-glycerophosphate prior
to implantation not only fostered an increased rate of in vivo osteogenesis but also
the level of osteogenic markers, which was comparable to those seen in autologous
cancellous bone. Those cell-loaded ceramics succeeded in creating bone formation
in rats (Bruder SP et al., 1998c), dogs (Arinzeh TL et al., 2003) and sheep (Kon E et
al., 2000). B-TCP loaded with osteogenically induced autologous BMSCs have
repaired goat tibial defects (2.6 cm) completely and attained mineral density similar
to normal bone at 32 weeks post-implantation when compared to material alone (Liu
G etal., 2008).

1.3.3 Signaling molecules of choice
1.3.3.1 Platelet-rich plasma

It is expected that the biological effect of multiple growth factors on the enhancement
of tissue regeneration and repavir is greater than that of a single growth factor.
However, the cost of almost all genetically engineered growth factors is prohibitively
high and dilemma exists about their safety in human administration (Calabresi PA et
al., 1998). Alternately PRP, which is a rich source of platelets, is a proven source of
many growth factors like PDGF, TGF-f, VEGF and IGF-I (Anitua E et al., 2007). The
local delivery of a wide range of growth factors and proteins in PRP serve as
osteoinductive matrix for bone formation (Anitua E et al., 2006). Segmental bone
defects (1 cm) created in the mid-upper part of bilateral radius of New Zealand white
rabbits were entirely healed after 12 weeks when filled with artificial bone and PRP
(Zhang CQ et al., 2004). Demineralized bone and cancellous chip grafts clotted with
PRP showed more mature bone when implanted in a 2.1 cm long osteoperiosteal

femoral defect in canine model (Brodke D et al., 2006). The bilateral implantation of
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polycaprolactone-TCP kcomposite with PRP into 0.8 cm rat femoral defects
accelerated early vascular ingrowth and improved longer-term functional integration

when compared to a group without PRP after 3 weeks (Rai B ef al., 2007).

The therapeutic osteogenic effect of local platelet administration depends on the
amount of delivered growth factors. The growth factors are released from platelets
when they are activated with triggering agents like bovine thrombin or calcium
chloride. However the use of bovine thrombin has been reported to be associated
with the development of antibodies to factor V and Xl, which can result in the risk of
life threatening coagulopathies (Landesberg‘.R et al., 1998). Consequently, the effect
of PRP on the healing of segmental bone defects without using any triggering agents

remains a challenging question.

1.3.3.2 Fibrin glue

Fibrin glue is a biopolymer matrix commonly used for surgical homeostasis and
tissue sealing and is known to be critical in the normal wound healing process
(Jackson MR 2001; Albala DM 2003). Commercially, fibrin is manufactured for
clinical use as a two-component system consisting of thrombin and fibrinogen
cryoprecipitated from blood plasma, which also contains smaller amounts of many
growth factors like TGF-8, bFGF, EGF and VEGF (Ho W et al., 2006). In vitro studies
indicate that FG can support the growth, migration and differentiation of several cell
types: MSCs (Bensaid W et al., 2003), endothelial cells (Sporn LA et al., 1995) and
fibroblast cells (Meana A et al., 1998). The ease of cell and growth factor delivery
with FG has heightened its potential in bone repair applications. When fibrin was
used as an injectable delivery vehicle, heterotopic bone formation was observéd with
a fibrin-cell-periosteal ECM system on the dorsum of athymic mice (Isogai N et al,,
2000). Different biomaterials such as coral, bone-derived materials, bioactive glass
ceramics and synthetic calcium phosphate have been mixed with FG, resulting in a
significant positive effect on osteointegration and bone colonization (Le Guéhennec
L et al., 2004). The osteoinductive potential of fibrin has been implicated based on a
study with FG and calcium phosphate calcium silicate system, where new bone
formation was observed at an extraskeletal site (muscle) in mice at day 15
(Abiraman et al., 2002). Similar results were obtained by Yamada et al., (2003) with
the association of B-TCP-FG-MSC at 8 weeks in heterotopic sites in rats.
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1.3.4 Animal models

Appropriate animal models are required to assess the clinical outcome of bone tissue
engineering. In general, the best model system is the one which most closely mimics
the clinical situation for which this technology is being developed (Einhorn TA 1999).
Most bone related research conducted to date has been in rats (Bruder SP ef al.,
1998c), rabbits (Hagino T et al., 1999), dogs (Bruder SP et al., 1998b) or goats (Zhu
et al., 2006). Several factors that affect the choice of an animal model include the
biology and anatomy of the animal model; the age of the animal and the
spontaneous healing potential of the investigated animal (Holy CE et al, 2000).
Larger animals like goat or sheep show bone growth and remodeling similar to that
observed in humans and are preferable for such studies. Smaller animals such as
mice or rats rarely exhibit lamellar cortical bone remodeling and are adequate for
studying initial bone formation. Age of the animal is another factor that determines
the succéss of tissue engineering strategy because bone growth and remodeling
diminish as age increases (Quarto R et al., 1995). Size of the defect is another
important issue since it is related to the healing properties of the implants. In
segmental defect, the entire segment of cortical bone is resected and the bone at
either end of the defect is immobilized using a fixation nail or plate to avoid the
movement from either bone end. If the fixation is improper, the movement of bone
pieces may occur, which result in non-union regardless of the dimensions of the size
of the defect (Hollinger JO et al., 1990):

Ectopic or extraskeletal implantation refers to the implantation of the material in a
di/:fferent tissue other than skeletal site. It helps to observe whether the scaffold has
osteoinductive property in sites devoid of osteoprogenitor cells and adequate
porosity for tissue and blood vessel-in-growth. Muscle and subcutaneous tissues are
the most common implantation sites for osteoinductive bioassays. Rats and mice are
the most preferred animal for this purpose. Goshima et al., (1991) were the first to
demonstrate new bone deposition in porous bioceramic scaffolds seeded with cells

when implanted subcutaneously into immuno compromised mice.

Osteoproductive properties in general and osteoconduction in particular, are
evaluated in orthotopic sites. Goats are suitable models for large animal studies

because they allow implantation of large fixation devices and their bone metabolism
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is similar to that of humans (Simmons DJ 1976). The healing of segmental defect
(2.5 cm) created in the goat’s femur has recently been characterized using corals as
scaffold of choice (Zhu et al., 2006).

1.4 Objectives

The focus of this study was to propose a novel biomaterial having the dual benefits
of HA and Si for the repair of segmental defect in goat model. The material
| comprised of a porous HA dipped in silica sol to get a coating layer of silica over HA
and named as Triphasic ceramic coated hydroxypatite (HASi). The physicochemical
characterization of HASi was initially done in comparison with HA. Tissue-engineered
constructs were fabricated in vitro using uncoated / PRP / FG coated HA and HASI
(separately) in combination with BMSCs / osteogenic induced BMSCs (OS+ cells) to
elucidate the influence of each of these components on cellular behaviour. The
vascularisation and osteoinductive property of tissue-engineered HA and HASI in
comparison with bare HA and HASi (without cells) was determined by placing these
materials at an extraskeletal site of rat model. Finally the ability of bare and tissue-
engineered HASI to regenerate bone in par with material degradation was studied by

creating a segmental defect (2 cm) in the femur of the goat model.
To achieve this goal, the study objectives were divided into three phases -

Phase I: Physicochemical characterization of bioactive ceramics, which

includes:

e Synthesis and characterization of HASi in comparison with HA
e Degradation studies of HASi in comparison with HA
e Cytotoxicity and cytocompatibility studies of HASi and HA

Phase IllI: Evaluation of tissue-engineered constructs in vitro - Platelet-rich
plasma / fibrin glue coated and uncoated bioactive ceramics in conjunction
with BMSCs, which includes:

e The isolation, characterization and osteogenic differentiation of goat BMSCs
e The proliferation and differentiation potential of goat BMSCs in several

passages

28



The fabrication of tissue-engineered construct using HA and HASI in
combination with BMSCs and OS+ cells separately (goat and human cells)
and the evaluation of cellular responses in terms of viability, proliferation,
morphology and osteogenic differentiation for a culture period of 28 days.

The coating of PRP and FG on HA and HASi separately and the evaluation of
the behaviour of goat OS+ cells on coated materials in comparison with

uncoated HA and HASI for a culture period of 28 days.

Phase lll: Evaluation of tissue-engineered bioactive ceramics in vivo -

Extraskeletal and orthotopic implantation, which includes:

a) Extraskeletal (muscle) implantation studies in rat model

The fabrication of tissue-engineered constructs in vitro using HA and HASI in
cdmbination with rat OS+ cells and the evaluation of cellular responses in
terms of viability and osteogenic differentiation for a culture period of 7 days.
The evaluation of vascularisation potential of bare (without cells) and tissue-
engineered (with cells) HA and HASI.

The evaluation of osteoinductive potential of bare (without cells) and tissue-
engineered (with cells) HA and HASI.

b) Orthotopic (femur) implantation studies in goat model

The fabrication of tissue-engineered constructs in vitro using HA and HAS; in

combination with goat OS+ cells for a culture period of 7 days.

The validation of the ability of tissue-engineered HASI (with cells and PRP) in
comparison with bare HASi (without cells and PRP) to regenerate bone and to
undergo degradation in a segmental defect (2 cm) created in the femur of goat
model.

Methods adopted for achieving the objectives are described in chapter 2 and the

results are illustrated and discussed in chapters 3, 4 and 5. The results are

summarized with conclusions in chapter 6.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Hydroxyapatite (HA) and Triphasic ceramic coated hydroxyapatite (HASI),
synthesized as part of ongoing developmental programme of Bioceramics

Laboratory, SCTIMST, Trivandrum, India, were gifted for this study.

2.1.1 Material Synthesis
2.1.1.1 Synthesis of HA

Hydroxyapatite powder was synthesized by wet precipitation method involving
calcium nitrate and ammonium dihydrogen phosphate in the stoichiometric
proportion at a pH of 11 and a temperature of 80°C. The precipitated HA powder was
freeze dried and washed with distilled water to get rid of surface impurities such as
nitrate and ammonium ions. HA powder having particle size less than 125 microns
was mixed with aqueous solution of poly vinyl alcohol and gluteraldehyde solution
and stirred for 30 min. To the resulting frothy slurry, benzoyl peroxide dispersed in
benzene and N, N- dimethyl aniline were added and stirred for thorough mixing. The
resulting frothy and viscous slurry was poured into plastic moulds and allowed to dry
at room temperature. After drying, the blocks were biscuit fired at 300°C for 1h to
remove the binder and then sintered at temperature between 1100C and 1300 for
1h :co get porous HA.

2.1.1.2 Synthesis of HASI

Hydroxyapatite powder was synthesized by wet precipitation method involving
calcium nitrate and ammonium dihydrogen phosphate in the stoichiometric
proportion at a pH of 11 and a temperature of 80°C. The precipitated HA powder was

freeze dried and washed with distilled water to get rid of surface impurities such as
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nitrate and ammonium ions. HA powder having particle size less than 125 microns
was mixed with aqueous solution of poly vinyl alcohol and gluteraldehyde solution
and stirred for 30 min. To the resulting frothy slurry, benzoyl peroxide dispersed in
benzene and N, N- dimethyl aniline were added and stirred for thorough mixing. The
resulting frothy and viscous slurry was poured into plastic moulds and allowed to dry
at room temperature. After drying, the blocks were biscuit fired at 300°C for 1 h to
remove the binder and sintered at temperature between 1100C and 1300C for 1 h

to get porous HA. These blocks were then dipped in silica sol prepared by the
hydrolysis of TEOS in ethanol-water system for 1 min (sol gel method) and sintered
at 1200°C for 2 h to get a coating of silica over HA. In order to determine the mass
percentage of silica coated on HASI, the material was treated with HCI that dissolve
Ca and P totally. The mass of HASi before and after treating with HCl was measured
and found to be approximately 15 — 17 % silica.

2.1.2 Material sterilization

HA and HASI were polished in the form of discs in specific dimensions required for
each experiment. The discs were washed with distilled water and subjected to
ultrasonic cleaning (Cole parmer) (5 times, 10 min each) for the complete removal of
fine powders adhered over the surface. The materials were then sterilized by steam
sterilization method (121T temperature and 15 psi pressure for 15 min) prior to in

vitro and in vivo experiments.

2.1.3 Physicochemical characterization of Materials
2.1.3.1 Microstructure of HASI

HASi disc was fractured and the outer and inner areas were examined under
environmental scanning electron microscope (ESEM) (FEI Quanta 200) at higher

magnification in order to distinguish the microstructure in these areas.

2.1.3.2 Elemental analysis

HASI disc was fractured; outer and inner areas were examined under ESEM (FET
Quanta 200) and the elements present in these areas (Ca, P and Si) were
differentiated with energy dispersive x-ray spectroscopy (EDS) (OXFORD X-ray
microanalysis software). The Ca/ P ratio in HA and HASi was calculated to verify the

phase or elemental purity during the preparation of materials.
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2.1.3.3 Phase analysis

The phase analysis and crystallinity checkup of HA and HASi were done by x-ray
diffraction technique (XRD). The materials were scanned between 20° and 40° 2 6 at
a rate of 2° per minute under a step size of 0.02° using Cu-Ka1 radiation at a voltage
of 40 kV and a current strength of 30 mA (Siemens D-5005). For this experiment,
HASi was specifically prepared in dense form (without porosity), in order to
differentiate the phases present in the outer and inner areas. Thus the surface of
HASI disc was scanned firstly. The outer layer was then removed by grinding and

thereafter the core of HASi was analyzed.

2.1.3.4 Functional groups studies

Fourier Transform Infrared Spectroscopy (FTIR) analysis was conducted on Thermo
Nicolet 5700 spectrometer and the spectra were collected in diffuse reflectance
(DRIFT) mode to determine the functional groups. HA and HASi were powered and
mixed with optical grade KBr powder. The spectra were recorded at a resolution of 4
cm™ and scanned between 400 to 4000 cm™' with an average scan of 200. Pure KBr

was used as the background.

2.1.3.5 Porosity studies
2.1.3.5.1 Scanning electron microscopy

HA and HASI discs were gold coated in an ion sputter (Hitachi E101) and examined
for the microstructure, including porosity and morphology by scanning electron
microscope (SEM) (Hitachi S2400).

2.1.3.5.2 Mercury Intrusion Technique

The porosity of HA and HASi was once again confirmed with mercury intrusion
technique (Quantachrome, Pore Master®33). A few discs of known weight were
loaded in the penetrometer cell of the equipment, evacuated and the mercury was
filled under pressure. The volume of the mercury intruded was measured as a
function of pressure. The total porosity and the percentage of open porosity were
evaluated from the total volume of Hg intruded. The bulk density of the samples were
also calculated from the differences in weight between empty cell filled with Hg and
cell with sample filled with Hg.
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2.1.3.6 Mechanical property

HA and HASi (n=10) were polished in the form of cylinders (2 cm height and 1 cm
diameter) as per ASTM D 882-97 procedure. The compressive strength was
analyzed using Universal Testing Machine (Instron Corporation Series IX Automated
Materials Testing System) at a crosshead speed of 1 mm / min and full scale load
range of 5 kKN. Mean and standard deviation of stress at maximum was measured
and expressed in megapascal (MPa).

2.1.4 In vitro degradation studies

HA and HASi were characterized for in vitro degradation as per ISO standard 10993-
13. Accelerated degradation test (incubation temperature at 60C) and real-time
degradation test (incubation temperature at 37<C) were separately conducted. For
this experiment, HA and HASi (n = 4) were polished in the form of blocks (1 cm x 1
cm); immersed in 10 ml phosphate buffered saline (PBS) and incubated at 37<C and
60C for 60 days separately. The materials were then examined for phase
composition and functional groups by XRD and FTIR respectively.

2.1.4.1 X-Ray Diffraction technique

HA and HASI blocks immersed in PBS were washed with deionised water (5 times),
dried at 100C for 2 h and scanned for XRD as explained in section (2.1.3.3). The
spectra of these materials were compared with raw HA and HASi (materials before
immersed in PBS).

2.1.4.2 Fourier Transform Infrared Spectroscopy

HA and HASI blocks immersed in PBS were washed with deionised water (5 times),
dried at 100 for 2 h, powdered and scanned for FT IR as explained in section
(2.1.3.4). The spectra of these materials were compared with raw HA and HASI
(materials before immersed in PBS).

2.1.5 Cytotoxicity and cytocompatibility studies with cell lines

The cytotoxicity and cytocompatibility studies of HA and HASi was done using L929
mouse fibroblast cell line and human osteoblast (HOS) cell line, provided by National
Centre for Cell Sciences (NCCS), Pune, India. For this experiments, HA and HASi
were polished in the size of 4 mm diameter and 2 mm thickness.
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2.1.5.1 Cytotoxicity studies (Direct contact method)

In vitro cytotoxicity test was done as per ISO standard 10993-5 using L929 mouse
fibroblast cell line after direct contact with HA and HASI. The cells were seeded (1 x
10°® cells / well) in 24 well tissue culture polystyrene (TCPS) plates (Nunc) enriched
with minimal essential medium (MEM) with 10% fetal bovine serum (FBS), 100 units
/ ml of penicillin and 100 ug / ml streptomycin (Sigma chemicals) and incubated at
37°C in humid atmosphere and 5% CO,. When the cells attained confluency,
sterilized HA and HAS:i disc were placed in direct contact with cells and incubated for
48 h under the same condition. Negative (ultra high molecular weight poly ethylene)
and positive (copper) controls were used. After 48 h, the cells were observed under
phase contrast microscope (DMIS, Leica) for any change in morphology or any other
cytopathic effects when compared to negative and positive controls.

2.1.5.2 Cytocompatibility studies

HOS cells (1 x 10° cells / material) were seeded on the surface of HA and HASI
blocks and maintained in MEM with 10% FBS, 100units / ml of penicillin and 100 pg /
ml streptomycin and incubated at 37°C in humid atmosphere and 5% CO, for 48 h.
The cell-cultured materials were fixed in 1% gluteraldehyde in Sorensen phosphate
buffer (pH 7.4); rinsed with PBS; dehydrated in a graded ethanol series (30% ethanol
for 10 min - 2 changes, 50% ethanol for 10 min - 2 changes, 70% ethanol for 10 min
- 2 changes, 90% ethanol for 15 min - 2 changes and 100% ethanol for 15 min - 2
changes); critically point dried (Hitachi HCP-2), gold sputtered in vacuum (Hitachi
E101) and examined by means of secondary imaging under 15 kV SEM (Hitachi S
2400).

2.2 Fabrication and evaluation of tissue-engineered constructs in vitro

The experiment was completed as two parts. In the first set of experiments, tissue-
engineered constructs were fabricated by culturing BMSCs and OS+ cells on HA and
HASI (goat and human cells separately). In the second set of experiments, HA and
HASI were coated with PRP and FG separately and cultured with goat BMSCs. For
these experiments, the materials were polished in the form of discs having 5 mm

diameter and 5 mm thickness.
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2.2.1 Culturing of goat bone marrow-derived mesenchymal stem cells

MSCs were isolated from the bone marrow of goat model. The mesenchymal origin
of these cells was determined through markers like vimentin, CD34, CD44 and also
through their ability to differentiate into osteoblasts. The proliferation and
differentiation potential of BMSCs in different passages were also studied.

2.2.1.1Isolation

As per the guidelines of the Institutional Animal Ethics Committee (IAEC) and
Committee for the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA), goat bone marrow aspiration was conducted. BMSCs were isolated from
the metaphyseal end of the humerus of adult goat weighing around 23 - 25 kg. With
the animal under anesthesia, bone marrow biopsy of approximately 10 ml was
aspirated using a bone marrow needle rinsed with 5000 IU / mL heparin and
collected in a tube containing cell culture medium (a-MEM with 10% FBS, 200 units /
mi of penicillin and 200 ug / ml of streptomycin) (Gibco, India). Clumps of cells were
gently broken using 18 guage needle and centrifuged at 500g for 10 min. The pellet
of cells were incubated in 5 ml a-MEM with 10% FBS, 100 units'/ ml of penicillin and
100 pg / ml of streptomycin at 37°C in humid atmosphere and 5% CO, in 25 cm?
TCPS flask (Nunc, India). The medium was changed after 3 days to remove non-
adherent cells and subsequently renewed twice a week. After 10 days in primary
culture, the adherent goat BMSCs (gBMSCs) were released with 0.25% trypsin-
EDTA (Gibco, India) for 5 min and centrifuged at 300g for 10 min. The cells were

subcultured and passaged for the experiments.

2.2.1.2 Characterization of gBMSCs

2.2.1.2.1 Actin and nuclear staining

gBMSCs (1 x 10* cells in passage 2) after culturing for 48 h on glass cover slips
(Blue star India) were washed with PBS and fixed with 3.7% paraformaldehyde in
Sorensen phosphate buffer. The fixed cells after washing with PBS were
permeabilised using 0.1% Triton X-100 for 5 min (Sigma Chemicals) in PBS. After
washing three times with PBS, the cells were stained with rhodamine-phalloidin (1:
1000 in PBS) (Sigma chemicals) for 30 min and Hoechst 33258 for 1 h (1: 500 in

PBS) (Sigma chemicals) in dark at room temperature for determining actin filament
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(red) and nucleus (blue) respectively. The cells were then washed thoroughly with

PBS and viewed under fluorescent microscope (Nikon Eclipse E600).

2.2.1.2.2 Vimentin staining

gBMSCs (1 x 10* cells in passage 2) after culturing for 7 days on glass cover slips
(Blue star, India) were washed with PBS; fixed with 3.7% paraformaldehyde in
Sorensen phosphate buffer; washed with PBS and blocked with 3% hydrogen
peroxide (DakoCytomation LSAB ® + Kit, Peroxidase, USA) for 5 min to prevent
non-specific binding. The primary antibody (mouse monoclonal anti-vimentin (Clone
V9, Dako, Denmark) at a dilution of 1: 100 in 3% bovine serum albumin (BSA) was
added overnight followed by incubation with peroxidase conjugated secondary
antibody (DakoCytomation LSAB ® + Kit, Peroxidase, USA) for 30 min. It was then
stained with DAB (3,3’-diaminobenzidine) chromogen solution for 5 min and counter
stained with hematoxylin for 30 sec with washing in ammonium water. The cells were
viewed (DAB -vimentin positive region (brown) and hematoxylin - nucleus (blue)

under Light microscope (Nikon Eclipse E600).

2.2.1.2.3 Flow cytometric analysis of CD34 and CD44

gBMSCs (1 x 10° cells in passage 2) were cultured on 6 well TCPS plate (Nunc) for
48 h; washed with PBS; trypsinized with 0.25% trypsin-EDTA for 5 min and
centrifuged at 300g for 10 min. The pellet was fixed with 3.7% paraformaldehyde in
Sorensen phosphate buffer for 20 min, washed with PBS and centrifugation at 300g
for 10 min at 4C. The pellet was blocked with 3% B SA (50ul) in PBS for 30 min
followed by washing with PBS and centrifugation. The pellet was then incubated with
FITC labeled CD34 (1: 50 in 3% BSA) and phycoerythrin (PE) labeled CD44 (1: 50 in
3% BSA) (BD Biosciences, USA) for 1 h and the intensity of fluorescence was
recorded under flow cytometry (BD Biosciences, FACS Aria). gBMSCs without
staining, but trypsinized, fixed and washed under the same conditions were used as

the control.

2.2.1.3 Osteogenic differentiation of gBMSCs

gBMSCs (1 x 10* cells in passage 2) were cultured in a-MEM with 10% FBS for 24 h
in order to facilitate the cell adhesion and spreading. After 24 h, the cells were

induced to differentiate into osteogenic lineage (gOS+ cells) by maintaining in
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osteogenic medium (a-MEM with 15% FBS, 10 mM B-glycerophosphate, 10° M
dexamethasone, 0.05 mg / ml L-ascorbic acid (Sigma chemicals), 100 units / ml of
penicillin and 100 pg / ml of streptomycin). The osteogenic differentiation was

confirmed through ALP activity, collagen, calcium and phosphorous staining.

2.2.1.3.1 Alkaline Phosphatase activity

The ALP activity of cells after 48 h (24 h in osteogenic medium) was determined with
ELF-97 endogenous phosphatase detection kit (Invitrogen). After fixing in 3.7%
paraformaldehyde in Sorensen phosphate buffer for 20 min, the cells were washed
with PBS; permeabilised with 0.2% Triton X-100 in PBS for 5 min and blocked with
3% BSA in PBS for 30 min. The cytoskeletal actin filaments were stained with FITC-
phalloidin (1: 100 in PBS) (Sigma chemicals) for 30 min. The cells were then stained
with ELF-97 phosphatase substrate (component A was diluted 20 fold with
component B (buffer) in detection kit) for 5 min and visualized through Hoechst filter

of fluorescent microscope (Leica DM 6000).

2.2.1.3.2 Collagen staining

gOS+ cells after 28 days were fixed in 3.7% paraformaldehyde in Sorensen
phosphate buffer for 20 min. After washing with PBS, the cells were incubated in
Bouin’s solution at 56C for 5 min; cooled in tap w ater at 18 - 20T and stained with
Wright's hematoxylin for 5 min. It was then washed with schott’s tap water and
stained with trichrome stain for collagen (Sigma chemicals) for 5 min. The cells were
again washed with distilled wateri incubated with 0.5% glacial acetic acid for 1 min
followed by washing with PBS, clearing in xylene, mounting in DPX and viewing

under Light microscope (Nikon Eclipse E600).

2.2.1.3.3 Calcium staining

gOS+ cells after 28 days were fixed in 3.7% paraformaldehyde in Sorensen
phosphate buffer; washed with PBS and stained with 1% alizarin red in a-MEM
(Sigma chemicals) and xylenol orange (75 pg / mL a-MEM) (Sigma chemicals)
separately for determining calcium. It was then viewed under Light microscope and
fluorescence microscope (Nikon Eclipse E600) for assessing alizarin red and xylenol

orange staining respectively.
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2.2.1.3.4 Phosphorous staining

gOS+ cells after 28 days were fixed in 3.7% paraformaldehyde in Sorensen
phosphate buffer; washed with distilled water; stained with 5% silver nitrate (Merck,
India) in distilled water and exposed to ultraviolet light for 5 min. The cells were then
thoroughly washed with distilled water, air dried and viewed under Light microscope
(Nikon Eclipse E600).

2.2.1.4 Proliferation potential of gBMSCs

The effect of passage number on the proliferation potential of gBMSCs was
determined in this study. gBMSCs of passage number 1 to 10 were seeded (1 x10*
cells) separately in 25 cm? TCPS flasks (n=3) and maintained for 4 days. The cells
were trypsinized with 0.25% trypsin-EDTA for 5 min and centrifuged at 300g for 10
min. The pellet was suspended in 1 ml medium; stained with trypan blue (Sigma
chemicals) (10 pL cell suspension and 90 pL trypan blue) for assessing viability and
manually counted using hemocytometer. The number of cells within the central
counting area of hemocytometer was multiplied with 10° to obtain the actual number

of cells in the suspension.

2.2.1.5 Differentiation potential of gBMSCs

The effect of passage number on the differentiation potential of gBMSCs (osteogenic
differentiation) was evaluated through ALP activity, based on the hydrolysis of 'p-
nitrophenyl phosphate (Sigma chemicals) to p-nitrophenol. For this, gBMSCs of
passage number 1 to 6 were seeded (1x1 0° cells) separately on 6 well TCPS plates
(n=3) and maintained in osteogenic medium for 7 days. The cells were washed with
PBS twice and kept in -80C until analysis. Frozen cell samples were thawed for 20
min on ice and lysed with 300 pl 1% Triton X-100 for 50 min with sonication for 10
min. The cell lysate (25 pl) was added to 125 ul of ALP reaction buffer (Sigma
chemicals) and the mixture was incubated at 37<C for 30 min. 1 M NaOH was added
to gtop the enzymatic reaction. Aftér centrifugation at 16,000 g for 10 min, 170 pl of
supernatant was transferred to a microtiter plate and the absorbance was read at
405 nm (Erba Chem -7). A calibration line was constructed from different
concentrations of p-nitrophenol. The ALP activity measured from each samples was

related to the cell number in order to calculate the specific ALP activity.
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The cell number was calculated by Picogreen® dsDNA Quantitation reagent
(Molecular probes). The cell lysate (10 ul) prepared above was mixed with picogreen
in Tris-EDTA buffer (190 ul) for 5 min and the intensity of fluorescence was
measured with a multifunction microplate reader (Infinite F200, Tecan) at an
excitation and emission wavelength of 485 / 535 nm. Relative fluorescence units
were correlated with cell number using a calibration line constructed with increasing

concentration of cells’.

2.2.2 Culturing of gBMSCs and osteogenic induced gBMSCs on bioactive
ceramics

gBMSCs of passage number 2 to 5 was used for culturing on HA and HASI. gBMSCs
were trypsinized with 0.25% trypsin-EDTA for 5 min and centrifuged at 300g for 10
min. The pellet was suspended in “X” mL medium and the cell number was counted
manually using hemocytometer. 1 x 10° cells / material were seeded on each

material, which was calculated according to the formula:

1 x 10°cells / Y mL = Number of cells observed in hemocytometer /
Volume of medium (X) used for suspending cells (mL)

By seeding “Y” mL of cells on the materials, the concentration of 1 x 10° cells will be

obtained.

HA and HASI was conditioned by incubating in a-MEM with 10% FBS for 24 h at
37°C. gBMSCs were then seeded on all sides of conditioned HA and HASi placed in
48 well TCPS plates under static condition. After being incubated at 37°C for 30 min
to allow cell attachment, the cells were maintained in a-MEM with 10% FBS. To
induce the differentiation of gBMSCs into osteogenic lineage (gOS+ cells),
osteogenic medium (section 2.21.3) was provided after 24 h. The medium change

was done twice weekly.

2.2.3 Evaluation of gBMSCs and osteogenic induced gBMSCs on
bioactive ceramics

2.2.3.1 Adhesion of gBMSCs

The adhesion of gBMSCs on HA and HASi at 1 h and 24 h was depicted through
SEM. The cell-cultured materials were processed for SEM (section 2.1.5.2).
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2.2.3.2 Viability of gBMSCs and osteogenic induced gBMSCs

2.?.3.2.1 Acridine orange and ethidium bromide staining- Confocal
microscopy

The viability of gBMSCs at 48h was determined qualitatively by confocal laser
scanning microscope (cLSM). For this, the cell-cultured materials were stained with
100 pl of acridine orange (10 pg / ml PBS) (Sigma chemicals) and ethidium bromide
(15 pg / ml PBS) (Sigma chemicals) for 10 min. It was then washed with PBS and
imaged using cLSM (Carl Zeiss LSM 510 Meta) at an excitation and emission
wavelength of 480 / 526 and 518 / 605 for acridine orange and ethidium bromide
respectively. The excitation of acridine orange and ethidium bromide was carried out
with Argon / 2 laser. Green coloured cells were marked as live and red coloured

cells as dead.

2.2.3.2.2 Acridine orange and ethidium bromide staining - Flow cytometry

gBMSCs grown on HA and HASi were washed with PBS; trypsinized with 0.25%
trypsin-EDTA for 5 min and centrifuged at 300g for 10 min. The pellet was incubated
with a combination of acridine orange and ethidium bromide as described in section
2.2.3.2.1. It was then washed with PBS and centrifugation at 300g for 10 min. The
cell pellet was suspended in 300 pl PBS and the fluorescence was recorded by flow
cytometer (BD Biosciences, FACS Aria). The cells without staining, but processed

under the same conditions were taken as the control.

. 2.2.3.2.3 Lactate dehydrogenase assay

The cell viability was determined quantitatively through the total activity of lactate
dehydrogenase (LDH) in the cell lysate using LDH reaction buffer (Cytotox96 Kit,
Promega, USA) It is measured in an enzymatic reaction that occurs in two steps
(1) NAD+ is reduced to NADH / H+ by the LDH catalysed conversion of lactate to
pyruvate (2) The catalyst (diaphorase) transfers H / H+ of NADH / H+ to tetrazolium
salt INT which is reduced to formazan. This leads to colour change from pale yellow

to red.
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NAD* N?DH +H’
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(red) Diaphorase (yellow)

The viability of gBMSCs and gOS+ cells on day 7, 14, 21 and 28 days of cultivation
were measured. For this, the cell-cultured materials (n=3) were washed with PBS
twice and kept in -80°C until analysis. Frozen cell samples were thawed for 20 min
on ice and lysed with 1% Triton X-100 (300 pl) for 50 min with sonication for 10 min.
An aliquot of cell lysate (50 pl) was mixed with LDH substrate (50 ul) at room
temperature and the enzymatic reaction was stopped after 30 min with 0.1 M acetic
acid (50 pl). The absorbance was read at 492 nm (Erba Chem -7). The absorbance
(OD values) was correlated with cell viability using a calibration line constructed with

increasing concentrations of cells.

2.2.3.3 Proliferation of gBMSCs and osteogenic induced gBMSCs
2.2.3.3.1 Proliferating cell nuclear antigen staining

The proliferation of gBMSCs after 48 h was determined using proliferating cell
nuclear antigen (PCNA) by flow cytometry. gBMSCs grown on HA and HASi were
washed with PBS; trypsinized with 0.25% trypsin-EDTA for 5 min and centrifuged at
300g for 10 min. The cell pellet was incubated with PCNA (Santa Cruz
Biotechnology) at a concentration of 0.1 pg / ml a-MEM for 30 min. It was then
washed with PBS and centrifugation at 300g for 10 min. The cell pellet was
suspended in 300 pl PBS and the histogram was recorded using flow cytometer (BD
Bioséiences, FACS Aria). The cells without staining, but processed under the same

condition was taken as the control.

2.2.3.3.2 Picogreen assay

The proliferation of gBMSCs and gOS+ cells on day 7, 14, 21 and 28 was
determined using Picogreen® dsDNA Quantitation reagent (Molecular probes). For
this, the cell-cultured materials (n=3) were washed with PBS twice and kept in -80°C
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until analysis. Frozen cell samples were thawed for 20 min on ice and lysed with 1%
Triton X-100 (300 pl) for 50 min with sonication for 10 min. The lysate (10 pl) was
mixed with picogreen in Tris-EDTA buffer (190 pl) for 5 min and the intensity of
fluorescence was measured with a multifunction microplate reader (Infinite F200,
Tecan) at an excitation and emission wavelength of 485 / 535 nm. Relative
fluorescence units were correlated with cell number using a calibration line

constructed with increasing concentration of cells.

2.2.3.4 Morphology of osteogenic induced gBMSCs

The morphology of gOS+ cells cultured on HA and HASi on day 14 and day 28 was
determined through SEM. The cell-cultured materials were processed for evaluation

as described in section 2.1.5.2.

2.2.3.5In depth migration of osteogenic induced gBMSCs
2.2.3.5.1 Stevenal’s blue and van Gieson’s picrofuchsin staining

The migration of gOS+ cells towards the internal voids of HA and HASi was
evaluated by Light microscopy after 14 and 28 days. The cell-cultured materials were
fixed in 3.7% paraformaldehyde in Sorensen phosphate buffer; washed with PBS;
dehydrated in ascending grade of isopropyl alcohol in distilled water series (70%
isopropyl alcohol for 4 days; 80% isopropyl alcohol for 4 days; 96% isopropyl alcohol
for 4 days; 100% isopropyl alcohol for 2 days; isopropyl alcohol: acetone (1: 1 v/v) for
1 day; 100% isopropyl alcohol for 1 day); infiltered in polymethylmethacrylate
(PMMA - Merck, India) for 6 days (2 changes) and finally embedded in PMMA with
1% benzoyl peroxide (accelerator). The plastic sections of about 100 ym were sliced
using high speed precision saw (Isomet ™ 2000 Precision Saw, Buehler) and
polished to get a thickness of 70 - 90 ym. The sections were then stained with
Stevenal's blue at 60°C for 15 min and counter stained with van Gieson’s
picrofuchsin for 5 min at room temperature and viewed under Light microscope
(Nikon Eclipse E600). o

2.2.3.5.2 Acridine orange and ethidium bromide staining

The viability of gOS+ cells migrated towards the internal voids of HA and HASi was
determined by acridine orange and ethidium bromide staining by cLSM as described

in section 2.2.3.2.1. The materials were scanned in z-axis up to 170 ym with a
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scaling of 10 yum between each slice.

2.2.3.6 Differentiation of gBMSCs into osteogenic lineage
2.2.3.6.1 Specific Alkaline PhosphataSe activity — Biochemical estimation

The specific ALP activity of gBMSCs and gOS+ cells grown on HA and HASI (n=3)
was determined quantitatively after 7, 14, 21 and 28 days of cultivation, based on the
hydrolysis of p-nitrophenyl phosphate (Sigma chemicals) to p-nitrophenol, as

discussed in section 2.2.1.5.

2.2.3.6.2 Alkaline Phosphatase activity - ELF-97 staining

The ALP activity of gOS+ cells cultured on HA and HASi on day 10 was evaluated by
staining with ELF-97 endogenous phosphatase detection kit (Invitrogen). For this, the
samples after fixing in 3.7% paraformaldehyde in Sorensen phosphate buffer for 20
min were permeabilised with 0.2% Triton X-100 in PBS for 5 min. It was then blocked
with 3% BSA in PBS for 30 min, stained with ELF-97 phosphatase substrate
(component A was diluted 20 fold with component B (buffer) in detection kit) for 5
min and finally visualized through Hoechst long pass filter of cLSM (Carl Zeiss LSM
510Meta). The excitation source used for ELF-97 was blue diode at 405 nm.

2.2.3.6.3 Osteopontin expression - Flow cytometry

The expression of ostepontin on gOS+ cells cultured on HA and HASi was analyzed
on day 7 and 21. gBMSCs cultured on 6 well TCPS plates were taken as the control.
The cells on the materials and TCPS plates were washed with PBS; trypsinized with
0.25% trypsin-EDTA for 5 min and centrifuged at 300g for 10 min. The cell pellet was
fixed with 3.7% paraformaldehyde in Sorensen phosphate buffer for 1h; washed with
PBS followed by centrifugation at 500g for 10 min at 4C. The pellet was then
permeabilised with 0.2% Triton X-100 for 5 min followed by blocking with 3% BSA for
30 min. After washing with PBS and centrifugation at 500g for 10 min at 4C, the
pellét was incubated with 50 pL primary antibody (0.2 ug / pL 3% BSA) (K-20, Santa
Cruz Biotechnology) for 1 h followed by FITC conjugated rabbit anti-goat secondary
antibody (Abcam antibodies) (1: 100 in 3% BSA) for 1 h in dark. The signals were
then recorded by flow cytometer (BD Biosciences, FACS Aria).

43



2.2.3.6.4 Osteopontin expression — Confocal microscopy

The expression of ostepontin on gOS+ cells cultured on HA and HASI (day 21) was
confirmed through cLSM. The cell-cultured constructs after fixing with 3.7%
paraformaldehyde in Sorensen phosphate buffer were washed with PBS;
permeabilised with 0.2% Triton X-100 in PBS for 5 min at room temperature and
blocked with 3% BSA for 30 min. After washing with PBS, the cells were incubated
with 50 pL primary antibody (0.2ug / pL 3% BSA) for 1 h (K-20, Santa Cruz
Biotechnology) followed by FTIC conjugated rabbit anti-goat secondary antibody (1:
100 in 3% BSA) and rhodamine B conjugated phalloidin (1: 100) (Sigma chemicals)
for 1h (for actin staining). It was then washed with PBS thrice and visualized through
cLSM (Carl Zeiss LSM 510 Meta).The excitation of FITC (480 / 525) was carried out
with Argon / 2 laser and that of rhodamine B (540 / 625) with HeNe 543 laser.

2.2.3.6.5 Osteocalcin measurement

The concentration of osteocalcin in the medium in which gOS+ cells were grown on
HA and HASI was determined through ELISA technique (BioSource hOST-EASIA
Kit) as per manufacturer’s instructions. gBMSCs cultured on 6 well TCPS plates
were taken as the control. For this, the cell cultured medium (n=3) was collected on
day 7, 14, 21 and 28 and kept at 4T until analysis . 25 pl of medium was pipetted out
into microtitre plate coated with anti-osteocalcin antibody (monoclonal antibody 1)
followed by 100 ul of anti-osteocalcin labelled with horseradish peroxidase
(monoclonal antibody 2) and incubated for 2 h at room temperature on a horizontal
shaker set at 700 rpm. After washing 3 times with wash solution, 100 pl of
chromogen solution was added to each well and incubated for 30 min at room
temperature with shaking at 700 rpm. 200 ul of stopping solution was pipetted out
into each well and the absorbance was read at 405 nm against a reference filter of
630 nm (Erba Chem -7). The concentration of osteocalcin was measured from the
OD value using a calibration curve plotted from the control (provided by the

manufacturer).

2.2.4 Culturing of human bone marrow-derived mesenchymal stem cells

MSCs were isolated from the bone marrow aspirates of a healthy human donor (age
31 — kindly provided by Sabine Boxberger, University Hospital Carl Gustav Carus
Dresden). Expansion of human BMSCs (hBMSCs) was performed in Dulbecco’s
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modified Eagle’s medium (DMEM) with low glucose containing 10% fetal calf serum
(FCS), 10 U / ml penicillin and 100 pg / ml streptomycin (Biochrom, Berlin, Germany)
at 37T in a humidified, 7% CO ,/ 93% air incubator.

2.2.5 Culturing of hBMSCs and osteogenic induced hBMSCs on bi;)active
ceramics

hBMSCs of passage number 3 to 5 were used for culturing on HA and HASI. For
this, hBMSCs were trypsinized with 0.25% trypsin-EDTA for 5 min, centrifuged at
1500 rpm for 5 min and the pellet was suspended in the respective medium
mentioned above (section 2.2.4). 1 x 10° cells / material were calculated as
described in the section 2.2.2 and seeded on all sides of conditioned HA and HASI
(materials incubated in the medium for 24 h prior to cell seeding) placed in 48 well
TCPS plates under static condition (Nunc). After being incubated at 37<C for 30 min
to allow initial cell attachment, the cells were cultivated in DMEM containing 2% FCS,
10 U / ml penicillin and 100 ug / ml streptomycin. To induce the differentiation of
hBMSCs into osteogenic lineage (hOS+ celis), 107 M dexamethasone (Sigma-
Aldrich, Taufkirchen, Germany), 3.5 mM B-glycerophosphate (Sigma), 50 uM L-
ascorbic acid-2-phosphate (Sigma) and 2% FCS was added to DMEM. The medium

change was done twice weekly.

2.2.6 Evaluation of hBMSCs and osteogenic induced hBMSCs on
bioactive ceramics

2.2.6.1 Adhesion of hBMSCs

The adhesion of hBMSCs on HA and HASi was determined by SEM at 1 h, 4 h and
24 h. The cell-cultured materials were fixed with 2% gluteraldehyde in PBS for 30
min. Dehydration was performed with graded ethanol series (10% ethanol for 10 min;
30% ethanol for 10 min; 50% ethanol for 10 min; 70% ethanol for 10 min; 80%
ethanol for 10 min; 96% ethanol for 10 min and absolute ethanol for 10 min) before
critical-point drying using CPD 030 apparatus (BAL-TEC, Liechtenstein). The
materials were mounted on stubs, gold coated using a Sputter Coater SCD 050
(BAL-TEC) and analyzed by SEM (IDSM 982 Gemini, Zeiss, Jena, Germany and
Philips XL 30/ESEM operating in SEM mode).
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2.2.6.2 Viability of hBMSCs and osteogenic induced hBMSCs
2.2.6.2.1 Calcein AM and 2 mM ethidium homodimer-1 staining

The viability of h(BMSCs on HA and HASi was evaluated using LIVE/DEAD® viability /
cytotoxicity kit (Molecular Probes, Eugene, USA). After 24 h of cell seeding, the
samples were incubated with DMEM containing 4 mM calcein AM and 2 mM
ethidium homodimer-1 for 30 min; washed with PBS thrice and imaged. The non-
fluorescent calcein AM permeates the intact membrane of living cells and is
converted into fluorescent calcein. Calcein was excited with Ar* laser at 495 nm and
ethidium homodimer-1 with 528 nm HeNe laser using cLSM (Carl Zeiss 510 Meta,

Jena, Germany).

2.2.6.2.2 Lactate dehydrogenase assay

The viability of hLBMSCs and hOS+ cells on HA and HASI (n=3) after 1, 7, 14 and 21
days of cultivation was determined through the total activity of LDH in the cell lysate
using LDH reaction buffer (Cytotox96 kit, Promega, USA) as described in section
2.2.3.2.3. The absorbance was then recorded with a multifunction micro plate reader

(Spectra fluor plus, Tecan, Crailsheim, Germany).

2.2.6.3 Proliferation of hBMSCs and osteogenic induced hBMSCs

The proliferation of hBMSCs and hOS+ cells on HA and HASi (n=3) after 1, 7, 14
and 21 days of cultivation was evaluated using Picogreen® dsDNA Quantitation
reagent (Molecular probes) as described in section 2.2.3.3.2 and the fluorescence
was measured with a multifunction microplate reader (Spectra fluor plus, Tecan).
Relative fluorescence units were correlated with cell number using a calibration line

constructed with increasing concentrations of cells.

2.2.6.4 Morphology of osteogenic induced hBMSCs

The morphology of hOS+ cells cultured on HASi on day 14 and day 28 was
determined through SEM. The cell-cultured materials were processed for evaluation

as described in section 2.2.6.1.
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2.2.6.5 Differentiation of hBMSCs into osteogenic lineage
2.2.6.5.1 Specific Alkaline Phosphatase activity - Biochemical estimation

The specific ALP activity of hBMSCs and hOS+ cells on HA and HASi (n=3) was
determined after 1, 7, 14 and 21 days of cultivation, based on the hydrolysis of p-
nitrophenyl phosphate to p-nitrophenol, as discussed in section 2.2.1.5.

2.2.6.5.2 Alkaline Phosphatase activity - ELF-97 staining

The ALP activity of hBMSCs and hOS+ cells cultured on HA and HASi on day 10
was determined qualitatively using ELF-97 endogenous phosphatase detection kit
(Invitrogen). The cell-cultured materials were stained with TRITC-phalloidin (1: 100 in
PBS) (Sigma chemicals) for 1 h and with ELF-97 phosphate substrate as described
in section 2.2.3.6.2 and viewed under cLSM (cLSM 510 Meta - Zeiss, Jena,
Germany). TRITC-phalloidin (for cytoskeletal actin filaments) was excited with HeNe
543 laser (550 / 570) and ELF-97 with blue diode at 405 nm

2.2.6.5.3 Real-time PCR

The gene expression of ALP and BSP Il on hBMSCs and hOS+ cells grown on HA
and HASI (n=3) was evaluated by real-time PCR using TagMan probes which were
labeled with FAM (6-carboxyfluorescein) at the 5-end and TAMRA (N,N,N’,N’-
tetramethyl-6-carboxyrhodamine) at the 3-end. At predetermined time points (1, 7
and 14 days) after culture, the cell-cultured materials were washed twice with PBS,
and the total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany)
following the procedure described by the manufacturer. Briefly, the cells were lysed
by incubating with 350 yl RLT-buffer with B-Mercaptoethanol for 3 min followed by
250 pl of 100% ethanol. The RNA was cleaned up and concentrated using RNeasy
MinElute Spin Column with centrifugation at 8000g for 15s. The DNA was then
digested with 10 ul DNase | stock solution for 15 min followed by washing with
buffers RW1 and RPE (kit component) and 80% ethanol and centrifugation at 8000g.
30 ul of RNase free water was pipetted out for cDNA synthesis.

cDNA was transcribed using 200 U of Superscript |l Reverse Transcriptase
(Invitrogen, .Carlsbad, CA), 0.5 mM dNTPs (Invitrogen), 12.5 ng / pl random
hexamers (MWG Biotech, Ebersberg, Germany) and 40 U of RNase inhibitor RNase
OUT (Invitrogen). TagMan PCRs were carried out in an ABI PRISM 7700 (Applied
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Biosystems, Foster City, CA). The accumulation of PCR products was quantified
using the comparative CT method in which the accumulated PCR products of each
of the genes examined was normalized to the housekeeping gene GAPDH in the
cbrresponding samples. The primers (MWG Biotech) for each gene are summarized
in Table 1.

Gene accession forward and reverse primer (5-3") TagMan probe (5-3") (1’
number ‘
GAPDH AF261085® GAAGGTGAAGGTCGGAGTC CAAGCTTCCCGTTCTC
GAAGATGGTGATGGGATTTC AGCC
ALP ENST000003 CCGTGGCAACTCTATCTTTGGCA CCATGCTGAGTGACAC
44573% GGCCCATTGCCATACAG AGACAAGAAGCC

BSPII  ENST000002 AAGCATGCCTACTTTTATCCTCA TTTCCAGTTCAGGGCA
262849 TTCATTCGATTCTTCATTGTTTTC GTAGTGACTCATCC
TCC

Table 2.1. Primer sequence and probes designed for real-time PCR analysis of the
expression of osteoblast specific genes of human cells. ™ Probes were labeled with
FAM (6-carboxyfluorescin) at the 5end and TAMRA (N,N,N’,N’-teratmethyl-6-
carboxyrhodamine) at the 3’end.? Entrez accession number, ® Ensembl accession number

2.2.7 Platelet-rich plasma / Fibrin glue coated HA and HASI
2.2.7 1 Platelet-rich plasma (goat and human origin)

PRP was separated from the blood of goat and human and coated on HA and HASI.
The adhesion of platelets on the materials and the activation of platelets when

exposed to the materials were evaluated.

2.2.7.1.1 Preparation of platelet-rich plasma

Adult goats were used for the study as per the guidelines of IAEC and CPCSEA.
About 12 ml of blood was obtained from the jugular vein of adult goats weighing
around 23 - 25 kg and collected into tubes containing heparin (5 IU / mL of blood) as
an anticoagulant. Similarly human blood was also collected from three normal adult
individuals (Age 26 - 28). The platelets present in the whole blood were counted
automatically using a hematology analyzer (Sysméx K-4500). Goat and human blood
was centrifuged at 2500 rpm (1216g) for 5 min and the yellow plasma containing
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PRP fraction (approximately 5 ml) was separated. The platelets present in PRP were

then counted using a hematology analyzer (Sysmex K-4500).

2.2.7.1.2 Coating of platelet-rich plasma on bioactive ceramics

The coating of PRP (goat and human separately) on HA and HASi (n=3) was
performed by immersing these materials in PRP solution (300 ul) in 48 well plate
(Nunc) followed by agitation at 37<C for 1 h.

2.2.7.1.3 Adhesion of platelets on bioactive ceramics
2.2.7.1.3.1 Percentage reduction

The platelets (goat and human) present in PRP before and after agitation with
materials were counted automatically using a hematology analyzer (Sysmex K-
4500). The platelets adhered to the materials were calculated from the reduction in
the number of platelets in PRP after agitation with the materials (percentage

reduction).

2.2.7.1.3.2 Lactate dehydrogenase assay

The adhesion of platelets (goat and human) on the materials was confirmed based
on the kinetic determination of LDH activity. For this, the materials immersed in PRP
solution for 1 h were washed two times with PBS and lysed with 1% Triton X-100
(300 pl) for 2 h in ice. The lysate (20 pl) was mixed with 500 pl of LDH substrate
(Randox) at room temperature and the absorbance was read at 340 nm (Erba
spectrophotometer). The absorbance (OD values) was correlated with the
concentration of platelets using a calibration line constructed with increasing

concentrations of platelets.

2.2.7.1.4 Activation of platelets exposed to bioactive ceramics

This part of experiment was done only with human platelets because of the limitation
in the availability of anti-goat antibodies of P-selectin and plasma factor 4 (PF4).

2.2.7.1.4.1 P-selectin expression

PRP solution exposed to HA, HASI and 4 well TCPS plate (control) (Nunc) for 1 min
and 60 min was collected and fixed with 3.4% paraformaldehyde in PBS for 20 min
followed by centrifugation at 3000 rpm for 5 min. The pellet after diluting with ACD-

49



PBS was stained with R-phycoerythrin labelled P-selectin (Beckmancoulter) for 1 h
at room temperature in dark and analysed by flow cytometer (BD Biosciences, FACS
Aria).

2.2.7.1.4.2 Plasma factor 4 release

The release of PF4 from platelets was determined as per manufacture’s instructions
(Hyphen Biomed). Human PRP (200 ul) exposed to HA, HASi and 4 well TCPS plate
(control) (Nunc) for 1 min and 60 min was added to micro ELISA plate coated with
anti-PF4 antibody and incubated for 1 h at room temperature. After washing with
wash buffer, 200 pl of conjugate (anti PF4 polyclonal antibody coupled with
peroxidase) was added; incubated for 1 h; washed; followed by the addition of
substrate chromogen (Tetramethylbenzidine / H,O,) for 5 min. The absorbance was
read at 450 nm (Erba Chem -7). The absorbance (OD values) was correlated with
concentration using a calibration line constructed with control provided by the

manufacturers.

2.2.7.2 Fibrin glue (human origin)

Fibrin glue components (Fibrinogen and Thrombin in calcium chioride) were gifted by
Thrombosis Research Unit, SCTIMST, India.

2.2.7.2.1 Coating of fibrin glue on bioactive ceramics

The sterilised HA and HASI was placed in 48 well plate and mixed with 2.5 mg
fibrinogen for 20 min followed by polymerisation with 50 U / mL of thrombin in
calcium chloride. All samples were incubated at 37°C for half an hour, frozen at -
80T for 24h and freeze dried in a lyophilizer. The coating of FG on the materials

was then confirmed.

2.2.7.2.1.1 Scanning electron microscopy

FG ‘coating on HA and HASI was evaluated by ESEM (ESEM- FEI Quanta 200). The
elements present in the coated materials (Ca, P, Si and C) were determined by EDS
(OXFORD X-ray microanalysis software).

2.2.7.2.1.2 Raman spectroscopy

The coating of FG on HA and HASi was again confirmed through Raman
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spectroscopy by comparing with uncoated materials. (BRUKER RFS 100/S,
Germany). The samples were focused with a Ramanscope (BRUKER, Germany)
having standard Geranium detector under 40x objective lens. Raman spectra were
then recorded at a resolution of 4 cm™ and scanned between 1000 to 2000 cm™ for
uncoated HA / FG coated HA and 500 to 3500 cm™ for uncoated HASi / FG coated

HASI. The average scan of 50 was taken with Raman laser power 430 mW.

2.2.8 Culturing of osteogenic induced gBMSCs on platelet-rich plasma /
fibrin glue coated bioactive ceramics

The experiments were divided into three sets. In the first set of experiments, prior to
cell seeding, HA and HASI were conditioned by incubating in a-MEM with 10% FBS
at 37°C for 24 h. In the second and third set of experiments, HA and HASi were
coated with PRP solution (goat origin) and FG (human origin) separately as
described above. Thus total six groups of materials were included in the study (1)
uncoated HA (HA) (2) uncoated HASi (HASI) (3) PRP coated HA (PHA) (4) PRP
coated HASi (PHASI) (5) Fibrin glue coated HA (FHA) (6) Fibrin glue coated HASI
(FHASI).

gBMSCs were seeded on all sides of the materials (1 x 10° cells / material) under
static condition. After being incubated at 37°C for 30 min to allow cell attachment, a-
MEM with 10% FBS was added for 24 h. After 24 h, the cells were induced to
differentiate into osteogenic lineage by providing osteogenic medium (section

2.2.1.3). The osteogenic medium change was done twice weekly.

2.2.9 Evaluation of osteogenic induced gBMSCs on platelet-rich plasma /
fibrin glue coated bioactive ceramics

2.2.9.1 Viability of osteogenic induced gBMSCs
2.2.9.1.1 Acridine orange and ethidium bromide staining

The \}iability of gOS+ cells on the materials on day 28 was determined qualitatively
by cLSM as described in section 2.2.3.2.1. The excitation of acridine orange and

ethidium bromide was carried out with Argon / 2 laser.
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2.2.9.1.2 Lactate Dehydrogenase assay

The viability of gOS+ cells after 7, 14, 21 and 28 days of cultivation was determined
quantitatively through the total activity of LDH in the cell lysate using LDH reaction
buffer (Cytotox96 kit, Promega, USA) as described in section 2.2.3.2.3.

2.2.9.2 Proliferation of osteogenic induced gBMSCs

The proliferation of gOS+ cells after 7, 14, 21 and 28 days of cultivation was
evaluated using Picogreen® dsDNA Quantitation reagent (Molecular probes) as
described in section 2.2.3.3.2.

2.2.9.3 Morphology of osteogenic induced gBMSCs

The cell-cultured materials on day 28 were fixed with 1% gluteraldehyde in Sorensen
phosphate buffer at 4C overnight. The specimens af ter thorough washing with PBS
were evaluated under ESEM (ESEM- FEI Quanta 200).

2.2.9.4 Cell cycle analysis

The cell-cultured materials on day 28 were trypsinized with 0.25% trypsin-EDTA for 5
min and centrifuged at 2500 rpm for 10 min at 4C. The cell pellet was fixed in 70%
cold ethanol at 4C for 1h and washed twice with PB'S and centrifugation at 4000
rpom for 5 min at 4C. The cell pellet was treated with 250 pl ribonuclease in PBS
(150 pg / mL PBS) (Imperial, India) for 45 min at 37°C and added with propidium
iodide (30 pg / mL PBS) (Sigma chemicals) for 5 min. The fluorescence were then
recorded (20,000 events) using flow cytometer (Diva‘ soft ware of BD Biosciences,
FACS Aria).

2.2.9.5 Differentiation of gBMSCs into osteogenic lineage

2.2.9.5.1 Specific Alkaline Phosphatase activity — Biochemical estimation

The specific ALP activity of gOS+ cells after 7, 14, 21 and 28 days of cultivation was
quantified, based on the hydrolysis of p-nitrophenyl phosphate (Sigma) to p-
nitrophenol as described in section 2.2.1.5.

2.2.9.5.2 Alkaline Phosphatase activity - ELF-97 staining

The ALP activity of gOS+ cells on day 10 was confirmed using ELF-97 endogenous
phosphatase detection kit (Invitrogen) as described in section 2.2.3.6.2 and
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visualized through blue diode at 405 nm of cLSM (Carl Zeiss LSM 510 Meta).

2.2.9.5.3 Real-time PCR analysis

The expression of ALP, osteopontin and osteocalcin on gOS+ cells grown on 6
groups of materials was evaluated after 7, 14, 21 and 28 days of cultivation. The
RNA was isolated by TRIzol reagent (Imperial, India) as per the manufacturer’s
instructions. To be in brief, the cell-cultured materials were treated with 500 ul TRIzol
reagent for 10 min and kept at -80TC until analysis. After thawing at room
temperature, 100 pl of chloroform was added for 15 min followed by centrifugation at
12,000g for 15 min at 4C. The clear supernatant (t op layer) was transferred to a
fresh tube and mixed with 250 pl of isopropyl alcohol for 10 min at room temperature
for precipitating RNA followed by centrifugation at 12,000g for 8 min. The pellet was
washed with 70% ethanol in RNase free water (Imperial, India) with centrifugation at
12,0009 for 8 min. The pellet was air dried and added with 50 yl RNase fee water
and incubated at 55T for 10 min. The vyield of RNA was determined

spectrophometrically.

The first strand cDNA was synthesized from 1 ug of total RNA, 5 yl MLV reverse
transcriptase (50U / pl), 5 pl stratascript buffer (10x), 1 pul RNase inhibitor (40 U / pl),
4 pl random hexamer (10 pmole) and 2 yl dNTP mix (10 mM) (Imperial, India) for a
50 pl RT reaction using the Thermal cycler (Master Cycler, Eppendorf, USA). The
real-time PCR was performed using a Chromo4 system (MJ Research, USA). All
reactions were carried out in a total volume of 20 pl, containing 10 pl full velocity
SYBR Green Master mix (Imperial, India), 1 ul forward and 1 ul reverse primer (10
picomole) and 8 yl cDNA at an annealing temperature of 50 - 55T (de pending upon
the primers) over 35 cycles. The primers that were designed are listed in Table 2
(Source: primer sequences of human alveolar bone cells were used due to non-
availability of primer sequence of goat model). The annealing temperatures for
actin, ALP, osteopontin and osteocalcin gene are 54, 52, 52.5 and 53T respectively.
For each gene, the quality and specificity was assessed by examining PCR melt-
curves following real-time PCR. The results were normalized by being expressed
relative to the amount of B-actin mRNA determined. The results of the expression of
ALP, osteopontin and osteocalcin on day 7, 14, 21 and 28 was represented as fold
increase with respect to the expression of gBMSCs at 24 h (gBMSCs do not express

53



osteogenic genes) cultured on six group of materials.

Gene Forward primer Reverse primer

ALP CGTGGCTAAGAATGTCATCATGTT TGGTGGAGCTGACCCTTGA

Osteopontin ACATCCAGTACCCTGATGCTACAG | GGCCTTGTATGCACCATTCA

Osteocalcin GCAAAGGTGCAGCCTTTGTG GGCTCCCAGCCATTGATACA

G
B actin GCTCGTCGTCGACAACGGCTC CAAACATGATCTGGGTCATCT
TCTC

Table 2.2. Primer sequence designed for real-time PCR analysis of the expression of
osteoblast specific genes of goat cells. (Reference: Xiao Y et al., 2003).

2.2.10 Statistics

Three separate materials were used for every quantitative experiments in each
group. Again from each material, all measurements were done in duplicate in order
to confirm the repeatability. Each parameter was expressed as mean of all values +
standard deviations. Single factor analysis of variance (ANOVA) was employed to
assess the statistical significance of results. P-values less than 0.01 were considered

significant.

2.3 Extraskeletal implantation studies (in vivo)

The neo-osteogenesis and neo-vascularisation potential of tissue-engineered
constructs in comparison with bare materials were evaluated at the extraskeletal site

(muscle) in rat model.

2.3.1 Isolation of rat bone marrow-derived mesenchymal stem cells

As per the guidelines of IAEC and CPCSEA, rat bone marrow aspiration was
conducted (Maniatopoulos C et al., 1988). Wistar rats of average weight 200 - 300g
were aseptically prepared and draped in a sterile fashion. After euthanizing by the
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administration of chloroform, the muscles were separated. The bones like femur and
tibia were retrieved and collected in PBS containing 200 units / ml of penicillin and
200 pg / ml of streptomycin — Gibco). After cutting two ends of the bone, the bone
marrow was flushed using a syringe with 18 gauge needle having a-MEM with 10%
FBS and antibiotics. The clumps of cells were gently broken and centrifuged at 500g
for 10 min. The pellet was plated in 25 cm? TCPS flask (Nunc) containing 5 ml a-
MEM with 10% FBS, 100 units / ml of penicillin and 100 pug / mi of streptomycin and
incubated at 37°C in humid atmosphere and 5% COz. The medium was changed
after 3 days to remove non-adherent cells and subsequently renewed twice a week.
After 10 days in primary culture, the adherent rBMSCs were released with 0.25%
trypsin-EDTA (Gibco, India) and centrifuged at 300g for 10 min. The cells were sub
cultured and passaged. rBMSCs of passage number 2 to 5 were used for culturing
on HA and HASI.

2.3.2 Culturing of osteogenic induced rBMSCs on bioactive ceramics

The behaviour of rat cells on HA and HASi was firstly determined in vitro. For this,
the materials were polished in the form of discs having 5 mm diameter and 5 mm
thickness. rBMSCs were seeded (1 x 10° cells / material as described in section
2.2.2) on all sides of conditioned HA and HASi (materials incubated in a-MEM with
10% FBS for 24 h at 37°C) placed in 48 well TCPS plates under static condition
(Nunc). After being incubated at 37°C for 30 min to allow cell attachment, a-MEM
with 10% FBS was added for 24 h, which was followed by osteogenic medium (a-
MEM supplemented with 15% FBS, 10 mM B- glycerophosphate, 10° M
dexamethasone and 0.05 mg / ml L-ascorbic acid — Sigma chemicals) to induce the
differentiation of rBMSCs into osteogenic lineage (rOS+ cells). The medium change

was done twice weekly.

2.3.3 Evaluation of osteogenic induced rBMSCs on bioactive ceramics in
vitro

2.3.3.1 Viability of osteogenic induced rBMSCs

The viability of rOS+ cells after 3 and 7 days of cultivation was determined through
the total activity of LDH in the cell lysate using LDH reaction buffer (Cytotox96 kit,
Promega, USA) as discussed in section 2.2.3.2.3.
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2.3.3.2 Differentiation of rBMSCs into osteogenic lineage

The specific ALP activity of rOS+ cells on HA and HASi was determined
quantitatively after 3 and 7 days of cultivation, based on the hydrolysis of p-

nitrophenyl phosphate to p-nitrophenol, as discussed in section 2.2.1.5.

2.3.4 Experimental Animal Groups

Care and management of animals were conducted as per the guidelines of IAEC and
CPCSEA. For extraskeletal implantation studies, HA and HASi was polished in the
dimension of 10 mm (length) x 1 mm (breadth) x 1 mm (thickness). Twenty four
wistar rats with an average body weight of 200 — 300g and one defect per leg were
divided into six groups as shown in Table 2.3 and 2.4. HA was implanted on the right
leg while HASI on the left leg of each animal. Among six groups, Group Il and Group
V was included only in neo-osteogenesis studies, particularly, histological and

histomorphometric evaluation at 4 weeks.

Period of Group | (HASi)|Group Il (HASi+C (0S-)) Group lll (HASi+C)
|study

Bare HASI rOS+ cells cultured on HASI
2 weeks (without cells) for 7 days (osteogenic
(n=6) medium) (n=3)

Bare HASI rBMSCs cultured on HASI for JrOS+ cells cultured on HASI
(without cells) |7 days (a-MEM with 10% for 7 days (osteogenic
(n=6) FBS) (n=3) medium) (n=3)

4 weeks

Table 2.3. Experimental animal groups for extraskeletal implantation with bare HASi
and tissue-engineered HASI
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Eeriod of|Group IV (HA) |Group V (HA+C (0S-)) Group VI (HA+C)
tudy
Bare HA rOS+ cells cultured on HA for 7
2 weeks (without cells) days (osteogenic medium)
(n=6) (n=3)
|Bare HA rBMSCs cultured on HA for 7 JrOS+ cells cultured on HA for 7
4 weeks (without cells) |days (a-MEM with 10% FBS) |days (osteogenic medium)
(n=6) (n=3) : - |n=3)

Table 2.4. Experimental animal groups for extraskeletal implantation with bare HA and
tissue-engineered HA

2.3.5 Animal surgical procedures

The surgical procedures were done according to the ISO standard 10993 — 6. The
animals were anesthetized with ketamine (100 mg / kg) and xyiazine (5 mg / kg)
injection intramuscularly. The skin was shaved and disinfected with betadine-
povidone iodine. 1 cm longitudinal skin incision was made and quadriceps muscle
was exposed. The materials were then implanted deep into the muscle pouch and
the wound was closed with 4.0 mer silk sutures. After closure, the sutured wound
was swabbed with betadine and dressed with neospofin, The animals were kept in
cages and fed with standard diet and water ad libitum. After two and four weeks, the

animals were euthanized intraperitonially with excess thiopentone sodium.
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Figure 2.1. Surgical procedure of the implantation of bare and tissue-engineered HA
and HASI at an extraskeletal site of rat model. As per ISO standard 10993 - 6. (a) Rat
model prepared for surgery (b) Disinfection with betadine-povidone iodine (c) 1 cm
longitudinal skin incision at the site (d) Material implantation deep into the muscle pouch (e)
Suturing of the wound (f) Wound closure.

2.3.6 Evaluation of post-implanted tissues
2.3.6.1 Neo-vascularization studies

The implantation site along with material (12 mm length) x 2 mm breadth x 2 mm
thickness) (Group |, IlI, IV and VI) after two and four weeks were fixed in 10% neutral
buffered formalin in Sorensen phosphate buffer for 2 days. The materials were
decalcified in 5% formic acid in formalin for two days. It was then washed with tap
water; dehydrated in graded ascending series of acetone (30%, 50%, 70%, 90% and
100% acetone) for 20 min each; cleared in xylene | (10 min) and xylene Il (15 min);
infiltered in paraffin | (1 h); paraffin Il (3h) and finally embedded in paraffin. Thin
sections (5 pm) were then made using a microtome (Leica RM 2255).

The sections after heating in hot air oven for 60 min were deparaffinised with xylene
(2 changes, 10 min each); rehydrated in descending grade of ethanol series (90% for
5 min, 70% for 5 min); washed in tap water for 3 min; stained with Harris’s
Hematoxylin for 30 min; washed in tap water for 3 min, differentiated in 1% acid
alcohol for 30 sec and blued with 0.2% ammonia water for 30 sec. It was then

washed with tap water for 5 min, counterstained with 1% eosin Y for 10 min;
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dehydrated in ethanol (70% for 5 min, 100% ethanol for 5 min - 2 changes); cleared
in xylene (2 changes, 10 min each); mounted in DPX and viewed under Light

microscope (Leica DM 6000) (random selection of sections).

2.3.6.2 Neo-osteogenesis studies
2.3.6.2.1 Histological evaluation

The implantaﬁon site along with material (12 mm length) x 2 mm breadth x 2 mm
thickness) (Group |, I, lll, 1V, V and VI) after four weeks of implantation were fixed in
10% neutral buffered formalin in Sorensen phosphate buffer for 2 days. The samples
were dehydrated in graded ascending series of isopropyl alcohol (70% isopropyl
alcohol for 4 days; 80% isopropyl alcohol for 4 days; 96% isopropyl alcohol for 4
days; 100% isopropyl alcohol for 2 days; isopropyl alcohol: acetone (1: 1 v/v) for 1
day; 100% isopropyl alcohol for 1 day), infiltered in PMMA (Merck, India) for 6 days
(2 changes) and finally embedded in PMMA with 1% benzoyl peroxide (accelerator).
The plastic sections of about 100 ym were sliced using high speed precision saw
(Isomet ™ 2000 Precision Saw, Buehler) and polished to get a thickness of 70 - 90
um. The PMMA sections after washing with tap water were kept in Stevenal’s blue
solution at 60°C for 15 min and counter stained with van Gieson’s picrofuchsin for 5
min at room temperature. The sections were randomly viewed under Light
microscope (Leica DM 6000). Stevenal’s blue stains cells and extracellular structures
in a subtle gradation of blue tones and van Gieson’s picrofuchsin colours collagen
fibres (green or green blue), bone (orange or purple) and osteoid matrix (yellow-

green) (‘Maniatopoulos C et al., 1986).

2.3.6.2.2 Histomorphometric analysis

The Stevenal’s blue and van Gieson’s picrofuchsin stained sections were scanned
for determining (a) the area of cells infiltered around and within the pore of the
materials and (b) the area of newly formed bone. Five sections were selected
randomly and photographed with a charge-coupled device (CCD) camera. All the
images were captured with 20X magnification lens and the images were suitably
calibrated using an inbuilt image configuration. The area of cells (bluish colour) and
the area of newly formed bone (yellowish colour) with respect to the total frame area
in the image (356911.2 um?) was measured using the Quips programme of QWin

soft ware of the microscope (Leica DM 6000).
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2.3.6.2.3 Alkaline Phosphatase activity - ELF-97 staining

The retrieved tissues (Group Ill and VI) after four weeks of implantation were fixed in
10% formalin in Sorensen phosphate buffer for 2 days followed by decalcification
and paraffin embedding (section 2.3.6.1). Thin sections (5 pm) were deparaffinised
with xylene (2 changes, 10 min each); rehydrated in descending grade of ethanol
series (90% for 2 min, 70% for 2 min); permeabilised with 1% Triton X-100 in PBS for
5 min and blocked with 3% BSA in PBS for 30 min. The staining was then performed
with ELF 97 endogenous phosphatase detection kit (Invitrogen) for ALP activity and
viewed with Hoechst filter of fluorescence microscope (Leica DM 6000).

2.3.6.2.4 Mineralization studies

High resolution x-ray micro-computed tomography (Micro-CT 40, SCANCO
MEDICAL, Switzerland) was used to analyze the mineralization of 4 weeks post-
implanted tissues (Group Il and VI). The tissues were fixed in 10% formalin in
Sorensen phosphate buffer for 2 days and scanned under micro-CT. The scanning
parameters used: slice thickness and slice increment of 12 KUm; energy of 70,000V
and intensity of 114 pA. The density distribution graphs were plotted from 2D micro-
CT images and compared with raw HA and HASi (before implantation).

2.4 Orthotopic implantation studies (in vivo)

The progress of bone regeneration and material degradation in a segmental defect
(2 cm) created in goat femur was validated using tissue-engineered HASI in
comparison with bare HASI.

2.41 Preparation of tissue-engineered groups

2.4.1.1 Culturing of osteogenic induced gBMSCs on HASI

HASI for segmental defect

Outer diameter =2 cm
Inner diameter = 7 mm
Length =2 cm

Figure 2.2. Gross view of HASi fabricated for segmental defect studies.
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HASi was polished in the form of hollow cylinder having a length of 2 cm and an
outer and inner diameter of 2 cm and 7 mm respectively. gBMSCs isolated (section
2.2.1.1) from the metaphyseal end of humerus of adult goats.(n=8) were slowly
seeded (passage 2 at a density of 1 x 10° cells per cm?) on all sides of conditioned
HASI scaffolds under static condition. After being incubated for 1 h to allow cell
attachment, 35 mL of a-MEM with 10% FBS was added which was replaced by
osteogenic medium after 24h as described in section 2.2.2. The constructs were then

maintained in osteogenic medium for 7 days in vitro.

2.4.1.2 Separation of platelet-rich plasma from blood

PRP was obtained from the jugular vein of adult goats weighing around 23 - 25 kg
(n=4) as described in section 2.2.7.1.1. Goat blood was centrifuged at 2500 rpm
(1216g) for 5 min and the yellow plasma containing PRP fraction was separated and

counted using a hematology analyzer (Sysmex K-4500).

2.4.2 Experimental Animal Groups

Care and management of animals were conducted as per the guidelines of IAEC and
CPCSEA. Eighteen adult goats with an average body weight of 20 - 30 kg and one
defect per animal were divided into three groups as shown in Table 5. Three groups
were compared at 2 and 4 months, while the performance of bare HASi groups was

evaluated for 6 and 12 months.,
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Period of study [Group | (HASi) |Group Il (HASi+C) Group Il (HASi+CP)

2 months Bare HASIilgOS+ cells cultured onjgOS+ cells cultured on ‘HASi forf
(without cells orlHASI for 7 days (n=2) 7 days and PRP delivered at
PRP)(n=2) k the defect site (n=2)

4 months Bare HASIilgOS+ cells cultured onjgOS+ cells cultured on HASI for]
(without cells orlHASI for 7 days (n=2) 7 days and PRP delivered af]
PRP)(n=4) ' the defect site (n=2)

6 months Bare HASI Nil Nil
(without cells or]
PRP) (n=2)

12 months Bare HASI Nil Nil
(without cells or]
PRP) (n=2)

Table 2.5. Experimental animal groups for orthotopic implantation in goat femur model

2.4.3 Animal surgical procedures

The animals were pre-medicated with intramuscular injection of atropine sulphate at
0.1 mg per kg body weight, xylazine hydrochloride at 0.22 mg per kg body weight
and ketamine hydrochloride at 11 mg per kg body weight. Thiopentone sodium at 5
mg per kg body weight followed by succinyl choline at 0.02 mg per kg body weight
intravenously was given for the induction of anesthesia and muscle relaxation
respectively. The animals were intubated immediately with size 9 portex
endotracheal tube and put on ventilator. Anesthesia was maintained with increments
of 50 — 100 mg of thiopentone sodium and half the initial doses of succinyl choline
every 30 — 40 minutes. The right femoral shaft was exposed through a 5 cm
longitudinal incision using a standard lateral approach to the femur. The periosteum
was elevated and 2 cm bone segment was excised from the mid diaphyseal region
using a gigli saw. The bone ends were smoothened and made uniform using a bone
file. The medullary canal was reamed with a hand reamer and its length was

measured using a wire inserted intramedullary. A titanium nail used for human
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humerus nailing with 6.7 mm in diameter and having three proximal locking holes
and two distal locking holes were used for immobilization. After reaming the marrow
cavity, the nail was introduced through the proximal fragment through the ceramic
block into the distal fragments. Both distal and proximal ends were identified under
an image intensifier (Siemens power Mobil, c-Arm). The distal locking was done with
2 static screws of appropriate length and the proximal locking with one static and one
dynamic screw. The animals were sacrificed through the injection of high doses of
thiopentone and 15% potassium chloride intravenously.

Figure 2.3. Surgical procedure of the implantation of bare and tissue-engineered HASI
in segmental defect in the femur of goat model a) Goat prepared for the surgery (b)
Exposition of right femoral shaft (c) Excision of bone segment (2 cm) from the mid diaphyseal
region using a gigli saw (d) 2 cm segmental defect (e) Replacement of the defect with HASi /
tissue-engineered HASI (f) Delivery of PRP at the defect site

2.4.4 Evaluation of post-implanted tissues
2.4.4.1 Gross evaluation

The femurs were dissected to remove any overlaying tissue and fixed in 10% neutral
buffered formalin in Sorensen phosphate buffer for one month. The implant site (2
cm) along with the host bone (0.5 cm from either side) of each animal was resected
(Total 3 cm) using a saw. The titanium intramedullary nail passing through the defect
was carefully pulled out. The defect site was then cut longitudinally through the
medullary canal using a High speed precision saw (Isomet ™ 2000 Precision Saw,
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Buehler) and photographed with a digital camera (Nikon D705, Japan). To
differentiate the new bone formed in the different regions of defect (2 cm), zones
were defined as (a) Mid region (M) of the defect (1 cm) and (b) Peripheral region (P)
of the defect = 0.5 cm on each side of the segmental defect.

2.4.4.2 Radiographic analysis

Radiographs were taken immediately after surgical implantation (Day 0) and at 6
weeks, 2, 4, 6 and 12 months post-implantation in standard projections on the
operated limb using an image intensifier (Siemens power Mobil, c-Arm).

2.4.4.3 Histological evaluation

The retrieved tissues after fixing in 10% neutral buffered formalin were processed for
Stevenal’'s blue and van Gieson’s picrofuchsin staining as described in section
2.3.6.2.1. The sections were then viewed under Light microscope (Leica DM 6000).

2.4.4.4 Morphological evaluation

The retrieved tissues were fixed in 3% gluteraldehyde in Sorensen phosphate buffer
at 4C. After thorough washing with PBS, the specim ens were viewed under ESEM
(FEI Quanta 200).

2.4.4.5 Histomorphometric evaluation

The Stevenal’s blue and van Gieson’s picrofuchsin stained sections were scanned
for measuring the percentage of newly formed bone and the percentage of material
degraded in the peripheral and mid region of the defect. Five sections were selected
randomly and photographed with a charge-coupled device (CCD) camera. All the
images were captured with 20X magnification lens and the images were suitably
calibrated using an inbuilt image configuration. The area of newly formed bone
(yellowish colour) and the area of material (greyish colour) degraded was measured
using the Quips programme of QWin soft ware of the microscope (Leica DM 6000).
The percentage of newly formed bone and material degraded was then calculated
with respect to the total frame area in the image (356911.2pm?).

Percentage of newly formed bone = Area of newly formed bone / 356911.2 x 100
Percentage of material degraded = Area of material degraded / 356911.2 x 100

64



2.4.4.6 Biochemical assays
2.4.4.6.1 Alkaline phosphatase activity

The blood was collected from post-implanted goats of each group and the serum
was separated by centrifuging at 2500 rpm for 5 min. The ALP activity in the serum
was determined based on the kinetic determination of p-nitrophenylphosphate to p-
nitrophenol (Enzyme Technologies, India). The sample (1 pl) was mixed with 1 ml of
substrate containing 1.0 mol / L diethanolamine buffer (pH 10.2), 0.5 mmol / L
magnesium chloride, 10 mmol / L p-nitrophenylphosphate. It was then incubated for
1 min and the absorbance was read at 405 nm (Hitachi 220 spectrophotometer).

2.4.4.6.2 Tartrate Resistant Acid Phosphatase assay

The blood was collected from post-implanted goats of each groups and the serum
was separated by centrifuging at 2500 rpm for 5 min. Tartrate Resistant Acid
Phosphate (TRAP) activity in the serum was determined using acid phosphatase
reagent kit (Enzyme Technologies, India). a-naphthol released from the substrate, a-
naphthylphosphate, by acid phosphatase is coupled with Fast Red TR to produce a
coloured complex, which absorbs light at 405 nm. L-Tartrate reagent specifically
inhibits non-specific acid phosphatase activity other than TRAP. The acid
phosphatase reagent (1 ml) was mixed with L-tartrate reagent (10 pl) and sample
(100 pl) and incubated for 5 min. The absorbance was then read at 405 nm (Hitachi
220 spectrophotometer).

2.4.4.7 Mineralization studies

2.4.4.7.1 Energy dispersive x-ray spectroscopy

The retrieved tissues after fixing in 3% gluteraldehyde were viewed under ESEM
(FEI Quanta 200). The elements present in the material, especially Ca, P and Si was
plotted through EDS (OXFORD X-ray microanalysis software) and Ca / P ratio was
célculated. The distribution of elements at the defect site was mapped by Line

mapping in different fields.

2.4.4.7.2 Computed Tomography

The retrieved tissues were fixed in 10% neutral buffered formalin and thoroughly

washed with PBS. The samples were then analyzed by CT scanner (Siemens syngo
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soft ware) along sagittal planes. The scan parameters were 70 kV, 112 mA and an
integration time of 3s. Total 30 slices were taken with 1 mm reconstruction interval. A
colour-based density method was applied to represent the bone and the material

(red colour - mineralized bone and green colour — material).

2.4.4.7.3 Micro-computed Tomography

The retrieved tissues were fixed in 10% neutral buffered formalin and thoroughly
washed with PBS. The samples were centered in yCT machine (Micro-CT 40,
SCANCO MEDICAL, Switzerland model) and.scanned at 70 kV. The sections were
scanned in z-axis to reconstruct regenerated bone in three dimensions. The
backside (cortical region) and frontal side (medullary canal region) of the tissues was

represented separately.

2.4.5 Characterization of post-implanted materials
2.4.5.1 X-ray diffraction technique

The phase analysis and crystallinity of 2 months post-implanted HASi was analyzed
by XRD. The portion of implant remained in the mid region of the defect was
collected, washed and sonicated with distilled water to remove the traces of fixative.
It was then powdered and scanned between 20° and 40° 2 6 at a rate of 2° per
minute under a step size of 0.02° using Cu-Ka1 radiation at a voltage of 40 kV and a
current strength of 30 mA (Siemens D-5005).

2.4.5.2 Fourier Transform Infrared Spectroscopy

The functional groups present in 2 months post-implanted HASi was analyzed by
FTIR. The samples were collected and powdered (section 2.4.5.1) and anlysed using
Thermo Nicolet 5700 spectrometer (section 2.1.3.4).

2.4.6 Inductively Coupled Plasma spectroscopy

ICP analysis was done to quantity Si in different organs of body. For this purpose,
different organs like kidney, lymph node, liver, heart, spleen and lungs were
collected; dissected and dried at 60T overnight. T he samples were weighed and
dissolved in aquaregia and made into 50 ml using HPLC grade water. It was then
filtered and analyzed with ICP-AES system (IRIS INTREPID Il XSP).
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CHAPTER 3

PHYSICOCHEMICAL CHARACTERISATION OF BIOACTIVE
CERAMICS

3.1 Abstract

Silica-based bioactive ceramics are characterized by superior biological activity and
resorbability than calcium phosphate ceramics (Ning CQ et al, 2004). These
materials are prepared by melting and cooling (giass) or by melting and controiied
crystallization (glass-ceramics) or by sol-gel method. Among these, sol-gel-derived
bioactive ceramics are superior, which have been developed in order to obtain a
material that would resorb at a similar rate as bone formation (Hamadouche M ef al.,
2000). The advantages of these materials lie in their composition and structure
(Hench LL et al, 1990). In sol-gel process, SiO, is released via the thermal
decomposition of metallorganic additive like TEOS or TPOS and allow the
processing at lower temperature than melt-derived glasses (Langstaff S et al., 1999).
Sol-gel-derived glasses allow a control of pore structure and permit better control of
bioactivity and biodegradability (Saravanapavan P et al, 2004). The absence of
Na,O in sol-gel glasses avoid rapid change in interfacial pH in biological fluids, a
greatest problem seen in Bioglass (Hench L et al., 1990). An increase in the growth
rate of HCA layer on the surface was also obtained with sol-gel-derived glasses
when compared to melt-derived glasses (Vallet-Regi M et al., 2000). In addition, the
concentration of silica is higher in sol-gel glasses than in melt-derived glasses
(Sepulveda P et al., 2002).

In this study, sol-gel process was adopted in order to develop a silica-based HA,
namely HASI, with the proposal of improving the bioactivity and the degradation of
stoichiometric HA. For synthesizing HASIi, HA was firstly prepared by wet
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precipitation method and sintered between 1100C and 1300 for 1h. These biocks
were dipped in silica sol (prepared by the hydrolysis of TEOS in ethanol-water
system) for 1 min and again sintered at 1200°C for 2 h. This method was adopted
with the hypothesis that silicon ions will incorporate into HA as an outer coating layer,
while the main core of HASi remains as HA. Thus the goal was to utilize the dual
properties of HA (osteoconduction, osteointegration) and silica (osteoconduction,
osteointegration and degradation) in one product. HA without dipping in silica sol, but
synthesized under the same conditions was used as the control.

The specific objectives of the first phase of the study were 1) To evaluate the
physicochemical characteristics of HA and HASi 2) To evaluate the degradation of
HA and HASI 3) To study the cytotoxicity and cytocompatibility of HA and HAS..

3.2 Physicochemical characterization of Materials
3.2.1 Microstructure of HASI

The coating of silica over HA was confirmed through ESEM (Fig. 3.1). For this, HASI
was prepared and fractured in order fo view the micro structural details in the outer
and inner areas of the material. The core of HASi was polycrystalline and has clear
grain boundary characteristics (Fig. 3.1b), while the outer coated layer was porous,
less crystalline and has no clear grain and grain boundary (Fig. 3.1c). The porous
structure together with the absence of clear gain and grain boundary in the outer
coated layer of HASI is expected due to Si rich liquid phase formation which has
penetrated to a depth of about 1 mm (John et al., 2008).

of HASI. a - Fractured HAS:; b - Core of HASI, ¢ — coated layer (CL) of HASi The bar line in
Figure 3.1a shows the depth of silica coated layer.
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3.2.2 Elemental Analysis

EDS spectra revealed that elements like Ca and P were present in the core of HASI
(Fig. 3.2a) while the outer coated layer contained Si in addition to Ca and P (Fig.
3.2b). This confirmed that Si was present only on the surface and has not penetrated
into the core of HASI.

The Ca/ P ratio in the material decides whether pure HA or other phases has formed
during the preparation. The Ca / P ratio of HA was 1.67, similar to theoretical ratio
(Chai C et al.,, 1994), However, the Ca / P ratio of HASi was 2.6, which established
the presence of other phases in addition to HA. This observation was comparable to
a previous report showing a higher Ca / P ratio in silicate-substituted HA (Hing KA et
al., 2006).

Figure 3.2. Energy dispersive x-ray spectra showing the elements present in the core
and outer coated layer of HASi. a - Core of HASI. b - Outer coated layer of HASI

Element weight % HA HASI
Si 0 8.29
P 37.78 25.35
Ca 62.22 66.36
Total 100 100

Table 3.1. Weight percentage of elements (Ca, P and Si) present in HA and HAS;,
‘determined by energy dispersive x-ray spectroscopy
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3.2.3 Phase analysis

Variations in the precise nature of calcium phosphate phases have strong effect on
the cellular responses (Hing KA et al., 1999). So the degree of crystallanity and

phase purity are important parameters to characterize, which was analyzed by XRD.

The narrow peak in HA indicated high level of crystallinity. The only crystalline phase
present was HA, which was in good agreement with ICDD (International Committee
for Diffraction Data) standard pattern for HA (Fig. 3.3). This demonstrated that no

other phases were present in HA with levels > 0.5 wt%.

HASI was also crystalline in nature, while the crystallinity was less when compared to
HA. To differentiate the phases present in the core and outer coated layer,
experiment was conducted with dense HASiI made specifically for this study. Firstly,
the surface of dense HASi was scanned for the identification of phases in the outer
coated layer. Then the surface layer was removed by grinding and polishing and
again subjected to XRD analysis. The results showed that the core of HASI
contained HA phase only while the outer coated layer exhibited peaks for HA
(Cas(PO4)3(OH), B -TCP (Ca; (PO4),) and calcium silicate (CaySiO,).

The crystallization and phase transformation is dependent on the chemical
composition and sintering temperature. The dipping of HA in silica sol and sintering
at high temperature (1200°C for 2 h) resulted in other phases like TCP and calcium
silicate in HASi. It is assumed that during sol gel dipping, silicate ions (SiOs*)
“entered into some of the sites of phosphates ions (PO,%) in HA and the process may,
have accompanied by the reaction of silicate with Ca®* to form calcium silicate
phase. This may have reduced the calcium or Ca / P content in the material that
resulted in the formation of TCP phase. It is proved that Ca-deficient HA can
transform to TCP phase at temperatures above 800°C (Mavropoulos E et al., 2003).
Since Si was introduced to already sintered HA, the resulting post-sintered phase is
B-TCP (Langstaff S et al, 1999). Similar to our data, Ruys et al, (1993)
demonstrated the presence of TCP phase and Ca-Si-P-O amorphous phase while

increasing SiO, content in the system.

Earlier study reported that the maximal silica content that can be incorporated in HA
without decomposing its structure is 3.32% (Ning et al., 2004). Gibson et al., (1998)
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noted that no change took place in the symmetry of HA crystallographic unit cell
while using up to 1.6 wt% SiO,.. However in our study, the core of HASi remained as
HA without having alteration in its structure and Si in the form of calcium silicate was
confined to the surface as a coating layer even if 15 -17 mass% silica was
incorporated. This attainment is ascribed to the methodology adopted for
synthesizing HASI, where sintered HA was dipped in silica sol only for 1 min. This
duration is not adequate for the diffusion of silica throughout HA and changing its

symmetry.
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Figure 3.3. X-ray diffraction pattern of HA and HASI. HA contained hydroxyapatite phase
only, while in HASI, hydroxyapatite (a), calcium silicate (b) and B-Tricalcium phosphate (c)
phases were present.

3.2.4 Functional group studies

FTIR spectra obtained for HA demonstrated the characteristic triplet peak for
phosphate at 962 cm™, 1054 cm™ and 1088 cm™ and hydroxyl groups at 3570 cm™,
which was agreeable with the literature data (Walters MA et al., 1990). The bands at
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3570 cm™ and 631 cm™ was assigned to the stretching and vibrational modes
respectively of the hydroxyl groups. The intense bands at 1088 cm™, 1054 cm™ and
962 cm™ was corresponded to the stretching vibration mode of P-O, whereas the
doublet at 601 cm™ and 573 cm™ was assigned to the bending mode of the same
bond. HAS:I also showed the bands assigned to HA phase, while the phosphate peak
at 1088 cm™ was absent and the intensity of hydroxyl peak (3570 cm™) was weak.
Since phosphate and silicate shared similarly spaced vibrational modes due to their
structural similarity, it was difficult to differentiate their peaks (Fig. 3.4).
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Figure 3.4. Fourier Transform Infrared spectra of HA and HASI.

The ionic radius of Si** suggest that Si** would enter either within P** sites or within
PO,* when incorporating Si in HA lattice (Langstaff S ef al., 1999). Rietveld structural
refinements clearly illustrated the substitution of silicate ions for phosphate ions in
HA lattice (Porter AE et al., 2004a; Porter AE et al., 2004b). According to Gibson'’s
proposal (1999), Si was incorporated as tetrahedral silicate ions onto phosphate
sites in HA lattice and the charge is maintained through the loss of hydroxyl ions as

per the following equation.

Ca1o(PO)s(OH), + XSi0s* ——5  Cayo(PO4)ex(SiOs)X(OH)zx + XPO,>+ XOH
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Consistent with this mechanism, variation in the relative intensities of bands
associated with phosphate stretches in HASi could be due to the substitution of
silicate for phosphate species. Additionally, the weak relative intensity of OH" band in
HAS:I indicated a loss of occupancy of this site.

3.2.5 Porosity studies

Porosity is an important criterion that enables blood capillaries to provide nutrition,
leading to bone growth and repair (Uchida A, et al., 1984). The most common
techniques used to create porosity in biomaterials are gas foaming, phase
separation, mechanical stirring, freeze drying and sintering depending on the
material used to fabricate the scaffold (Karageorgiou V et al., 2005). Herein, the
porosity was introduced by mechanical stirring method. The precipated HA powder
was mixed and shaked vigrously with a binder (polyvinyl alcohol). The resulting
frothy and viscous slurry were heated (300°C for 1h) to remove the binder that could
ieave voids (porosity) in the materials.

3.2.5.1 Scanning electron microscopy

SEM gave an insight into the ceramic structure with respect to porosity and
morphology (Fig. 3.5). HA and HASI has an interconnecting pore system with pore
size in the range of 50 — 500 pym.

The topography of the material is critical that profoundly affects the attachment and
spreading of cells and finally other cellular activities like proliferation and
differentiation (Gough JE et al., 2004). Herein, HA displayed a rough surface
whereas a smooth surface was noted on HASI, which may be due to silica coating.

Figure 3.5. Scanning electron micrographs showing the porosity and morphology of
HA and HASI.
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3.2.5.2 Mercury Intrusion Technique

Mercury porosimeter is developed based on the physical principle that a non wetting
liquid does not penetrate in pore until sufficient pressure is applied. The required
pressure is inversely proportional to the size of the pores, according to Washburn
equation, with the assumption that the pore is cylindrical and well interconnected
(Washburn EW 1921). Therefore this method provides information on the pore size
and overall interconnection of the pores of the materials.

The results depicted that HA and HASi has an open net work of pores and most of
the pores were around 10 - 200 microns. The bulk density of HA was approximately
0.8 g / cc indicating 70% porosity, while the bulk density of HASi was approximately
1.04 g / cc representing 67% porosity. The skeletel density of HA and HASi was 2.8
g / cc, which showed that 85% of the pores were open. A plot of volume of Hg

intruded as a function of pore size (pore size distribution) was shown in Fig. 3.6 and
Fig. 3.7.
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Figure 3.6. Porosity and pore size of HA determined by mercury intrusion porosimetry.
Pore size ranges between 10 — 200 pym.
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Figure 3.7. Porosity and pore size of HASIi determined by mercury intrusion
porosimetry. Pore size ranges between 10 — 200 um.

SEM and mercury intrusion technique illustrated that most of the pores of HA and
HASi was in the range of 50 — 500 ym, which is recommended for bone formation
(Uchida A et al., 1984). Trabecular bone comprise of 50 - 90% porosity (Kaplan FS
et al., 1994) and cortical bone consist of 3 - 12% porosity (Cooper DM et al., 2004)
suggesting that the porosity of HA (70%) and HASi (67%) is somewhere between
cortical and cancellous bone. The interconnected porosity is an added advantage
that can improve the fluid flow and nutrient supply both in an in vitro and in vivo
environment (Hiu-Yan Y et al., 2005).

3.2.6 Mechanical strength

Mechanical strength is an essential aspect to characterize for the use of materials in
bone tissue engineering. The materials should have sufficient mechanical strength to
withstand the hydrostatic pressure and to maintain the spaces required for cell
ingrowth and ECM production. Compressive testing has been successfully used in
the characterization of cancellous bone and has also been adopted in the testing of
porous and dense HA (Hodgskinson R et al., 1990). Herein the compressive strength
of HA was 6.583 + 1.856 MPa and that of HASi was 4.59 + 1.44 MPa (Fig. 3.8).
There was no significant difference in the compressive strength between these two
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materials. These values are comparable to the compressive strength of trabecular
bone of humans, which is in the range of 1.5 to 9.3 MPa, but not with load bearing
sites like femur and tibia which showed a range of 90 — 215 MPa (Liebschner MA et
al., 2004). Since the degree of porosity (70% porosity - HA and 67% porosity - HASI)
influences the mechanical property, a compromise between these two requirements

is always needed for the fabrication of a successful tissue-engineered graft.
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Figure 3.8. Compressive strength of HA and HASI.

3.3 Invitro degradation Studies

Biodegradable materials have been important in bone tissue engineering. These
materials should be designed to degrade gradually in the body and replaced
eventually by the newly formed tissue. The degradation of HA and HASi was
characterized in vitro by accelerated (60°C) and real degradation (37°C) test as per
ISO standard 10993 - 13. For this, the materials were immersed in PBS for 60 days
and subjected to XRD and FTIR analysis and compared with raw materials (before
immersing in PBS).

3.3.1 X-ray Diffraction technique
HASI block immersed in PBS showed peaks only for HA phase while TCP and

calcium silicate phase present in the outer coated layer of raw HASi disappeared
after 60 days, at 37°C and 60°C (Fig. 3.9). However , there was no difference in the
XRD pattern between raw HA and HA immersed in PBS for 60 days at both the
temperature (Fig. 3.10).
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Figure 3.9. X-ray diffraction pattern of HASi after inmersed in PBS for 60 days. Calcium
silicate (blue line) and TCP phase (red line) disappeared when compared to raw HASI
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Figure 3.10. X-ray diffraction pattern of HA after immersed in PBS for 60 days. There
was no significant change when compared to raw HA
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3.3.2 Fourier transform Infrared spectroscopy

FTIR spectra showed that the characteristic hydroxyl peak at 3570 cm™ together with
the triplet peak for phosphate around 961 cm™, 1054 cm™ and 1087 cm™ appeared
after immersing HASi in PBS for 60 days, at 37C and 60T (Fig. 3.11). This
suggested that the material remained in PBS was HA, which is the core of HASI.
However there was no change in the absorption band of HA at both the temperature
(Fig. 3.12).
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Figure 3.11. Fourier Transform Infrared spectra of HASi after immersed in PBS for 60
days.
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This study demonstrated the non-degradative nature of HA in PBS, which is
comparable to a previous report where negligible dissolution of phase pure HA was
observed after soaking in distilled water for 30 days at 37°C (Lin FH et al., 1997).
The slowest degradation rate may be due to high crystallinity of HA (Oonishi H et al.,
1995; Xue W et al., 2005). On the other hand, in HASi, TCP and calcium silicate
phase present in the outer coated layer dissoluted because of relatively less degree
of crystallinity and less phase purity than HA. It has already been reported that TCP
phase is highly soluble in biological media (Sanchez-Salcedo S et al., 2006).

3.4 Cytotoxicity studies

As initial part of biocompatibility testing, Cytotoxicity studies were done in vitro as per
ISO standard 10993-5. L929 mouse fibroblast cells showed its characteristic spindle
shaped appearance and Spread to form a confluent monolayer after direct contact
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with HA and HASI, after 48 h (Fig 3.13). This proved that HA and HASi is non-
cytotoxic in nature.

#
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Figure 3.13. Phase contrast images showing non-cytotoxicity of HA and HASI. L929
mouse fibroblast celis were cultured in direct contact with the materials.

3.5 Cytocompatibility studies

SEM depicted that HOS cells adhered and spread on HA and HASI, with better
spreading and interconnection with the adjacent cells on HASi (Fig. 3.14). It has
been shown that silica rich layer formed on the surface of silica-based biomaterials
can selectively adsorb higher amount of serum glycoproteins such as fibronectin (El-
Ghannam A et al., 1997; El-Ghannam A et al., 1999; Phan PV et al., 2003). Thus the
local concentration of fibronectin and the presence of other bone building
components like Ca, P and Si may preferentially enhance the adhesion of
osteoblasts on HASi (Weiss RE et al., 1981).

Figure 3.14. Scanning electron micrographs showing the compatibility of human
osteoblast cell line on HA and HASI. Arrow- cells
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CHAPTER 4

EVALUATION OF TISSUE-ENGINEERED CONSTRUCTS
IN VITRO - PLATELET-RICH PLASMA / FIBRIN GLUE
COATED AND UNCOATED BIOACTIVE CERAMICS IN
CONJUNCTION WITH BMSCS

4.1 Abstract

The key component in tissue engineering is the scaffold that serves as the template
for cell interactions and formation of ECM and provide the structural support for
tissue regeneration. The performance of scaffolds must be examined initially in an in
vitro cell culture system to ensure that the cells can attach and proliferate, before
being implanted in vivo. It is proposed that coating of synthetic materials with a
natural component, which mimics physiological environment like PRP or FG, can
positively modulate the structural and functional properties of cells on synthetic

scaffolds.

The specific objectives of the second phase of the study were 1) to expand and
characterize gBMSCs 2) to study the capability of bioactive ceramics like HA and
HASi to provide a microenvironment for adequate adherence, multiplication and
osteogenic differentiation of BMSCs and OS+ cells (goat and human cells)
separately 3) to study the effect of PRP and FG coated bioactive ceramics on the
adhesion, proliferation and osteogenic differentiation of gOS+ cells.
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4.2 Characterization of gBMSCs

MSCs can be enriched from whole bone marrow via their preferential attachment on
TCPS (Friedenstein AJ et al., 1970; Baddoo M et al, 2003). The therapeutic
potential of MSCs has been evaluated in vivo by administering the plastic adherent
cell fraction of bone marrow to experimental animals (Pereira RF et al., 1998). In this
study as well, MSCs were isolated from the bone marrow of goat model based on
their ability to adhere to TCPS flasks. Their characteristic fusiform spindle-shaped
morphology was observed on day 5 (Fig. 4.1a). The cell density reached 80 - 90%
confluence on day 10. The yield of cells after the isolation ranges from 1.5 to 5 x 10°
cells / mL depending on the goat model (male or female).

A number of markers such as CD49e, CD44, CD90, CD105, CD73, STRO-1,
vimentin and fibronectin are used to characterize MSCs (Zangi L et al., 2006).
Herein, gBMSCs were positive for vimentin staining (Fig. 4.1c). In addition, flow
cytometric analysis showed that gBMSCs were negative for hematopoetic stem cell
marker CD34, while the fluorescent intensity of CD44 increased when compared to
unstained cells (Fig. 4.2). This confirmed the mesenchymal origin of gBMSCs.

Figure 4.1. MSCs isolated from the bone marrow of goat model. (a) Phase contrast
micrograph of gBMSCs on day 5; (b) Fluorescent micrograph showing cytoskeletal actin and
nuclear pattern of gBMSCs through rhodamine-phalloidin (red) and Hoechst 33258 (blue)
staining respectively; (c) Light micrograph showing vimentin (chromogen DAB - brown) and
nuclear staining (hematoxylin - blue).
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Figure 4.2. Flow cytometry analysis of the expression of CD34 and CD44 on gBMSCs -
48h. PE-A labelled CD34 (hematopoietic stem cell marker) and FITC labelled CD44
(mesenchymal stem cell marker) staining. gBMSCs without staining for these markers were
used as the control.

4.3 Osteogenic differentiation of gBMSCs

Through the addition of osteogenic supplements, purified culture-expanded BMSCs
can be differentiated into osteogenic lineage in vitro, as envisaged by the production
of collagen-rich matrix, increased expression of non-collagenous proteins like ALP,
osteocalcin and finally by the formation of mineralized matrix (Kern S et al., 2006).
Similarly, gBMSCs were induced to differentiate into the osteogenic lineage after 24
h of cell seeding by providing the osteogenic supplements like dexamethasone, L-
ascorbic acid and B glycerophosphate in the medium. The activity of ALP, an early
marker of osteoblasts, was found associated with the cellular regions after 48 h of
cell seeding (Fig. 4.3 a). The formation of an intricate network of collagen fibers (Fig.
4.3b) and the deposition of abundant mineralized matrix composed of calcium and
phosphorous (Fig. 4.3c-e) became evident on day 28. This reflected the extent of
differentiation of gBMSCs towards the osteogenic lineage culminating in
biomineralisation.

Earlier studies have shown that ascorbic acid is required for the synthesis of collagen
and for osteogenesis in vitro (Maehata Y et al., 2006). It also regulates ALP activity
and protein synthesis in osteoblasts cultures (Son E et al., 2007). The organic
phosphate, B glycerophosphate, has often been used in vitro to provide a potential
source of phosphate ions for mineralization (zur Nieden NI et al, 2003).
Dexamethasone, the key factor in producing bone-like nodules, is a synthetic
glucocorticoid. One signal transduction pathway that has been associated with
dexamethasone is the signaling of Wnt, which is a secreted glycoprotein that exerts
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concentration-dependent effect on cell fate (de Boer J et al., 2004). Wnt activates B-
catenin resulting in its nuclear translocation that leads to an increased expression of
Runx2 and ALP (Hamidouche Z et al., 2008).

Figure 4.3. Osteogenic differentiation of gBMSCs. (a) Fluorescent image showing ALP
activity (ELF-97 staining - yellowish green) and cytoskeletal actin organization (FITC
phalloidin — green) after 48 h of cell seeding; (b) Light micrograph showing collagen
deposition on day 28 (Masson’s Trichrome staining); (c) - (e) Mineral deposition on day 28
(c) Fluorescent micrograph - Alizarin red S staining (d) Fluorescent micrograph -xylenol
orange staining (e) Light micrograph - von Kossa staining

4.4 Proliferation and differentiation potential of gBMSCs

The cells may often be subcultured to generate necessary cell numbers to seed on
the scaffolds for in vivo implantation, but it may alter the growth kinetics as well as
phenotype of cells (Bruder SP et al,, 1997). The purpose of this study was to
determine the effect of serial passaging on the proliferation and differentiation
potential of gBMSCs. gBMSCs in passage 1 to 6 reached confluence on day 4 in 25
cm? TCPS flaks. While in later passages, the time required for the expansion of cells
increased resulting in less number of cells on day 4, indicating a decline in growth
rate (Fig. 4.4a). Similarly, the osteogenic differentiation potential of gBMSCs was
depicted through specific ALP activity on day 7. The ALP activity was almost same
for the cells in passage 2 to 5 (Fig. 4.4b), after which the activity declined.
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Previous studies also demonstrated a decrease in calcium deposition and
osteogenic potential of BMSCs after 3 - 4 passages (Ter Brugge PJ et al., 2002;
Sugiura F et al, 2004). Serial passaging has been found to alter surface marker
expression, which reflects a marked change in the response of MSCs to chemical
stimuli that promote osteogenesis (Wall ME et al., 2007). The reduction in expansion
potential may be due to the progressive shortening of telomere during sub cultivation
(Kobune M et al, 2005). Since gBMSCs from passage 2 to 5 showed similar
expansion and differentiation potential, these cells were used for further tissue
engineering application.
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Figure 4.4. Proliferation and differentiation potential of gBMSCs in several passages.
(a) The cell number obtained on day 4 after each passage (trypan blue staining and manual
counting with hemocytometer); (b) The specific ALP activity on day 7, determined based on
the hydrolysis of p-nitrophenyl phosphate to p-nitrophenol.

4.5 Evaluation of gBMSCs and osteogenic induced gBMSCs on
bioactive ceramics

Tissue-engineered constructs were fabricated using HA and HASi in conjunction with
gBMSCs and gOS+ cells separately. Prior to cell seeding, the materials were
conditioned, which was done to improve the characteristics of material surface for
contacting with cells. When the materials soak in the medium, an initial adsorption of
serum proteins occur, after which a thin layer of amorphous calcium phosphate
appear on the surface, which is effective for cell proliferation (Kizuki T et al., 2003).
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4.5.1 Adhesion of gBMSCs

The adhesion of cells on the material is very important, which influences their ability
to proliferate and differentiate. Theoretically, the cells will be spherical initially, then
flatten and later sufficiently spread out so that the nucleus becomes prominent (Malik
MA et al,, 1992). Scanning electron micrographs revealed that gBMSCs attached
and adhered on HA and HASI. Alike theoretical observation, the cells were spherical
at 1 h and spread at 24 h, with better spreading on HASI (Fig. 4.5).

The adhesion of cells on the material depends on the initial adsorption of serum
proteins like vitronectin and fibronectin (Anselme K 2000) whose strong affinity with
ceramic substrates has been reported (Zreiqat H et al.,1996). gBMSCs were notably
spread on HASi than HA that may be due to the silica content of HASi. The surface
chemistry of silica-based materials is amenable to very strong irreversible adsorption
of serum proteins, which is attributed to high negative surface-charge density
generated by surface silinol (Si-OH) {Lobel KD et al, 1998). Si-OH will bind to
various functional groups of proteins via hydrogen bonding and electrostatic ionic
amine bonds (Si-O- +H3;N-) that favor cell adhesion (Messing RA 1969). El-
Ghannam et al., (1999) reported selective and strong adsorption of fibronectin on
silica-based materials than HA.
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Figure 4.5. Scanning electron micrographs showing the adhesion of gBMSCs on HA
and HASI (a) HA - 1h (b) HASi - 1h (c) HA — 24h (d) HASI - 24h
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Figure 4.5. Scanning electron micrographs showing the adhesion of gBMSCs on HA
and HASi (a) HA — 1h (b) HASi — 1h (c) HA — 24h (d) HASI - 24h
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4.5.2 Viability of gBMSCs and osteogenic induced gBMSCs

Viability of cells on / in the scaffold was measured qualitatively and quantitatively by
acridine orange and ethidium bromide staining and by LDH assay. Acridine orange is
a green fluorescent dye that is permeant to living cell and intercalates between the
base pairs in DNA while ethidium bromide fluoresces as orange and binds to DNA
through its ability to enter damaged membranes and nucleus.

Confocal micrographs revealed that gBMSCs were homogenously adhered,
distributed and rimmed around the macro pores of HA and HASi after 48 h, with
slight increase in the number of viable cells on HASi (Fig. 4.6). Flow cytometric
analysis supported this, which showed that about 75 - 80% of cells on HASi were
positive for acridine orange staining, while on HA it was only about 60 - 65%. The
remaining 20 - 25% cells were not dead but found in the quadrant, which was not
emitting either acridine orange or ethidium bromide signals (Fig. 4.7).
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Figure 4.6. Confocal micrographs showing viable gBMSCs on HA and HASI. Acridine
orange (green - live cells) and Ethidium bromide (red - dead cells) staining after 48h. The
signals were collected through Argon / 2 laser (488 nm).
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Figure 4.7. Flow cytometric analysis of the viability of gBMSCs cultured on HA and
HASiI. Acridine orange and Ethidium bromide staining after 48h. The cells without stain were
taken as the control.
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Since gBMSCs proved to be viable on HA and HASi up to 48h, LDH assay was done
with gBMSCs and gOS+ cells by extending the cell culture period up to day 28. The
conventional cytotoxicity detection protocols with LDH activity rely on the
quantification of enzyme released into cell culture medium due to the damage of the
cell membrane. In contrast, we have quantified the amount of LDH activity in
undamaged cells after lysis (Sepp et al., 1996), which is related to cell viability.

LDH assay showed good viability of cells on HA and HASi, which increased as the
culturing period increased (Fig. 4.8). The cells cultured on HASi, both gBMSCs and
gOS+ cells, had significantly higher viability (p<0.001) than on HA. The viability of
gOS+ cells on HASi was maintained up to day 28, while on HA, it decreased after
day 21. The improved performance of HASi may be attributed to the significant role
of silica. Osteoblast-like cells treated with silica nanospheres have showed higher
cell viability than cells without silica nanospheres (Jie Feng et al., 2007). Increased
viability of rat osteoblasts cultured in the presence of Si compared to that of biphasic
calcium phosphate ceramic has been reported (Valerio et al. 2005).

While comparing two cell types, gOS+ cells were more viable than gBMSCs. The
microenvironment similar to bone apatite created by HA and HASi may be more
favourable for gOS+ cells than gBMSCs.

Absorbance (492

Time in culture (days)

Figure 4.8. LDH assay for determining the viability of gBMSCs (0S-) and gOS+ cells
cultured on HA and HASI. gOS+ cells showed significantly higher viability (*) than OS- cells
and HAS: significantly supported cell viability (+) than HA (p<0.001).
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4.5.3 Proliferation of gBMSCs and osteogenic induced gBMSCs

The proliferation of cells on HA and HASi was evaluated with PCNA by flow
cytometry and quantified by picogreen assay. The expression of PCNA will be
elevated in the nucleus during the S-phase (replicative phase of DNA) of cell cycle
and the positive cell for PCNA correlates directly with cell proliferation (Heron Ml et
al., 1995). Similarly, picogreen is a very sensitive fluorescent dye that intercalate to
DNA and is used effectively to evaluate cell proliferation (Kee WN et al., 2005). More
than 70 - 75% of gBMSCs on HASi were found to be positive for PCNA, while on HA
the cells were less proliferative (45 - 50%) after 48 h (Fig. 4.9). In picogreen assay,
gBMSCs and gOS+ cells were included and the culture period was extended up to
day 28. The number of cells, both gBMSCs and gOS+ cells, were significantly
increased (p<0.001) on HASI than HA. The proliferation of gOS+ cells on HASi was
maintained up to day 28 whereas on HA it decreased after day 21 (Fig. 4.10).

The cell proliferation depends on appropriate porosity that can facilitate transport of
oxygen and nutrients throughout the material (Karageorgiou V et al., 2005). One
study has compared goat bone marrow stromal cell proliferation on HA scaffolds of
different porosities (70% porosity and 800 pm average pore size versus 60%
- porosity and 400 um average pore size), which indicated that cells proliferated better
on 60 / 400 scaffolds during a 6-day ex vivo culture (Kruyt MC et al., 2003). The cell
proliferation is also affected by sintering temperature of ceramics, which influences
the crystal particle size. Report states that the proliferatrion rate of human
osteoblast-like cells was higher on HA ceramics sintered above 1000TC (Wang C et
al., 2004). Thus in this study, high sintering temperature in par with high porous
nature of HA and HAS:I facilitated better cell proliferation on the materials.

The proliferation of gOS+ cells on HA was slower after 21 days of culture, which
corroborated previous data with human trabecular osteoblast cells cultured on HA
(Hott et al., 1997). Neverthless, the cell proliferation was significant on HASi that can
be accredited to its multiphase composition (HA, TCP and calcium silicate). One
study reported that the presence of TCP plays an important role for the excellent
response of osteoblast-like cells in vitro. B-TCP is highly soluble in cell cuture
medium that can supply Ca** to the medium leading to improved bioactive behaviour

(Sanchez-Salcedo S et al., 2006). F'urthermore, the silica content in HASI is a postive
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factor, wherein improved cell adhesion and proliferation on silica based 2-
hydroxyethylmethacrylate hydrogel when compared to pure poly (hydroxyethyl
methacrylate) has been reported (Schiraldi C et al., 2004). Another study reported
that silica-containing bioactive glass can significantly increase cell proliferation,
differentiation and viability of osteoblasts derived from rat calvaria in an in vitro
culture condition (Valerio P et al., 2004).

Similar to cell viability studies, the proliferation of gOS+ was higher than gBMSCs.
Some studies have suggested a proliferation effect of osteogenic supplements like
dexamethasone on cells, mediated through Wnt signalling (Jaiswal N et al., 1997; De
BoerJ et al., 2004).

Control

HASI

Figure 4.9. Flow cytometric analysis of the proliferation of gBMSCs cultured on HA and
HASI - PCNA staining. PE-A labelled PCNA. The cells without stain were taken as control.
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Figure 4.10. Picogreen assay for determining the proliferation of gBMSCs (OS-) and
gOS+ cells cultured on HA and HASI. gOS+ cells showed significantly higher proliferation
(*) than OS- cells. HAS:i significantly supported cell proliferation (+) than HA (p<0.001).
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4.5.4 Morphology of osteogenic induced gBMSCs

The SEM study was performed to analyze the morphological behavior of gOS+ cells,
where the cells were well spread on both HA and HASI on day 14 and 28. On HAS;,
the cell number was higher than HA, which morphed into a cell sheet-like canopy on
day 14. On day 28, multilayers of cells were observed on HASi without pore bridging
and occlusion (Fig. 4.11). Previous studies depicted that dexamethasone-treated
MSCs exhibited a cuboidal phenotype in culture (Mauney JR et al., 2004a), but
herein the phenotype of individual cells were indistinguishable, particularly on HASi.
The cell sheet-like structure supported the chéracterization of the population of cells
as homogenous. It is reported that the spreading and continuous multilayer of
osteoblasts is favored on smooth surfaces because focal contacts are uniformly
distributed on smooth surfaces than rough surfaces (Anselme K et al., 2000;
Kieswetter K et al., 1996). Thus smooth surface due to silica coating implicates HASi
as a favorable substrate for the profuse proliferation of cells.

Figure 4.11. Scanning electron micrographs showing the morphology of gOS+ cells on
HA and HASI - Day 14 and day 28.
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4.5.5 In depth migration of osteogenic induced gBMSCs

The primary limitation of many culture systems, particularly static, is the depth of cell
ingrowth. This is due to the diffusion limitation of cell culture media towards the
centre of scaffold and the rapid formation of tissue on the outer surface of scaffold
making the cells in the centre necrotic (Salgado AJ et al., 2004). So in order to
visualize the concealed distribution of cells lying within the internal voids of the
material, cross sections of PMMA embedded tissue-engineered constructs were
taken and stained on day 14 and day 28. On HA, most of the cells were seen on the
periphery of the material and has penetrated only to a few millimeter depth
(approximately up to 5 to 6 mm), whereas in HASI, the cells were able to migrate and
invade the internal pores of the material. Patches of adhered and spread cells were
distributed within the mid region of the material (Fig. 4.12). Confocal microscopy
confirmed the firm lodging of viable cells in the internal niches of HASi through the

scanning of multiple thin sections in z-axis direction (Fig. 4.13).

The spreading and migration of cells towards the mid region of HASI signifies the
importance of the pore size of the scaffold. If the pores are small, pore occlusion will
happen that will prevent cellular penetration and ECM production in the inner areas
of the scaffold. Osteoblasts prefer pore size ranging from 200 - 400 ym in diameter
that encourages migration, attachment and proliferation because the pore curvature
provides optimum compression and tension on the cell’'s mechanoreceptors (Boyan
BD et al.,, 1996). When primary rat osteoblasts were seeded onto scaffolds with
different pore sizes, cell migration was faster in larger pore scaffolds (100 pm)
(Takahashi Y et al., 2004). Thus the highly interconnected porous architecture with
pore size in the range of 50 - 500 ym in HASI definitely improved the migration and
distribution of cells through out the material.
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HASI-14

Figure 4.12. Light micrographs showing the migration and invasion of gOS+ cells
towards the inner region of HA and HASI — Day 14 and day 28 (Size of the scaffold: 2cm).

Figure 4.13. Confocal micrographs showing viable gOS+ celis that migrated towards
the inner region of HASI. Acridine orange (green - live cells) and Ethidium bromide staining
(red - dead cells) after 28 days. The signals were collected through Argon / 2 laser (488 nm).
The sections were scanned up to 174 pm with a slice thickness of 10 ym.
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4.5.6 Differentiation of gBMSCs into osteogenic lineage

The differentiation of gBMSCs into osteogenic lineage was confirmed through the
presence of non-collagenous proteins like ALP, osteocalcin and osteopontin. The
maturation of differentiated cells was validated through the level of their expression
at each period.

4.5.6.1 Alkaline Phosphatase activity

ALP, an essential enzyme for the deposition of minerals, is present in pre-osteoblast
s at an early stage of osteoblast differentiation and its level is found to be increased
around the second week of in vitro culture (zur Nieden NI et al., 2003; Stein GS et
al., 1990). Accordingly in this study, the specific ALP activity (ALP activity per cell) of
gOS+ cells increased up to 14 days in culture after which the activity decreased. The
activity was significantly higher on HASi when compared to HA (p<0.001) on day 7
and 14 (Fig. 4.14). gBMSCs showed low ALP activity, demonstrating that the
differentiation towards osteoblastic lineage can happen only in the presence of
osteogenic supplements in the cell culture medium. The ALP activity was further
demonstrated through ELF-97 staining by confocal microscopy on day 10 and the
results were correlated with biochemical data (Fig. 4.15).
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Figure 4.14. Specific ALP activity of gBMSCs and gOS+ cells cultured on HA and HASI
- blochemical estimation. The ALP activity was determined based on the hydrolysis of
p-nitrophenyl phosphate to p-nitrophenol. gBMSCs (OS-) cells showed low ALP activity. The
activity was significantly higher on HASI (+) than HA (p<0.001).




Figure 4.15. Confocal micrographs showing ALP activity of gOS+ cells on HA and HASI
- ELF-97 staining. The signals were collected through blue diode (405 nm). Day 10

4.5.6.2 Osteopontin expression

Osteopontin, which is involved in binding calcium ions and HA during mineralization
process is present in proliferating pre-osteoblasts and in mature osteoblasts. Its level
is enhanced during the third week of culture (zur Nieden NI et al., 2003; Lawton DM
et al., 1999). Herein, flow cytometric analysis showed a similar trend in gOS+ cells
with the highest expression on day 21 on HA and HASiI (Fig. 4.16). HASi showed
significant increase in expression than HA. gBMSCs, which is taken as the control
did not show any expression on both the substrates. The appreciable expression of
osteopontin on HASi scaffolds was further confirmed with confocal microscopy on
day 21 (Fig. 4.17).
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Figure 4.16. Flow cytometric analysis of the expression of osteopontin on gOS+ cells
cultured on HA and HASI. Day 7 and day 21. FITC-labelled anti-osteopontin antibody was
used for staining. gBMSCs were taken as the control.
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Figure 4.17. Confocal micrographs showing osteopontin expression on gOS+ cells
cultured on HA and HASI. Day 21. FITC-labelled anti-osteopontin antibody for osteopontin
(green) and rhodamine B phalloidin for actin (red). The signals were collected through Argon /
2 laser for FITC and HeNe 543 laser for rhodamine B.

4.5.6.3 Osteocalcin assay

Osteocalcin, a convenient marker for fully differentiated osteoblasts, is involved in
the mineralization process, which shows increased expression during the fourth
week of culture. (zur Nieden NI et al., 2003; Weinreb M et al., 1990). gOS+ cells on
HASi significantly secreted osteocalcin into the medium than HA (p<0.001). The
highest secretion was on day 28 on both the substrates establishing the transition to
mature osteoblast phenotype during this period. gBMSCs, which was taken as the
control, insignificantly secreted osteocalcin (Fig. 4.18).
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Figure 4.18. Graphs showing the concentration of osteocalcin in the medium secreted
by gOS+ cells cultured on HA and HASI - ELISA technique. gBMSCs were taken as the
control. The secretion was significantly higher with HASI (+) than HA (p<0.001).




Here gBMSCs differentiated to pre-osteoblasts and later to mature osteoblasts on
both HA and HASI in the presence of osteogenic supplements, comparable to
previous studies (Shu R et al., 2003). However, an enhanced expression of non-
collagenous proteins was observed on HASi than HA, which implies that osteoblasts
respond to the difference in surface chemistry or topography. Although not a general
rule, some studies have reported that the osteoblast differentiation is better on
smooth than rough surfaces. This may validate the significant differentiation of
gBMSCs on HASI (smooth) when compared to HA (rough). Human osteoblast-like
cells (MG63) and adult jaw bone cells had lower proliferation and ALP activity on
rough titanium disk and HA respectively when compared to smooth surface (Martin
JY et al, 1996; De Santis D et al, 1996). Another explanation for the positive
influence on osteogenic differentiation is the Si content in HASi (Xynos ID et al.,
2001; Loty C et al, 2001). A better biological performance like proliferation and
differentiation of mouse calvarial osteoblasts on PMMA / silica hybrid material was
observed when compared to PMMA alone (Rhee S et al., 2003). When ROS 17 /2.8
cells (rat osteosarcoma cell line) were cultured on porous bioactive glass with 45%
siliéa, high levels of ALP activity and maintenance of the osteoblastic phenotype was
noticed (Kaufmann EA et al., 2000). Thus the timely expression of ALP, osteopontin
and osteocalcin indicated that HASi augmented osteoblast commitment and
ultimately attained the phenotype of “mature osteoblasts or osteocytes” when

compared to HA.

4.6 Evaluation of hBMSCs and osteogenic induced hBMSCs on

bioactive ceramics

Tissue-engineered constructs were fabricated using HA and HASI in conjunction with
hBMSCs and hOS+ cells separately. Prior to cell seeding, the materials were

conditioned, which was done to improve the characteristics of material surface.

4.6.1 Adhesion of hBMSCs

The initial adhesion of hBMSCs on HA and HASi was evaluated by SEM which
depicted round morphology for most of the cells on both the substrates after 1 h of
cell seeding. However, few cells started spreading on HASi at this time. The
adhesion and spreading became more obvious 4 h after seeding. After 24 h, the cells
appeared well spread on both HASi and HA, with slightly more preference for the
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silica coated surface (Fig. 4.19).

Figure 4.19. Scanning electron micrographs showing the adhesion of hBMSCs on HA
and HASi. 1hand 24 h

4.6.2 Viability of hBMSCs and osteogenic induced hBMSCs

Confocal images depicted a high ratio of living hBMSCs on HA and HASI at 24 h
(Fig. 4.20). Since hBMSCs proved to be compatible with both the substrates, further
studies were done by extending the culture period and by including hOS+ cells. LDH
assay revealed a significantly higher rate of viability on HASi compared to HA (p<
0.001) particularly after the first week of culture (Fig. 21). While comparing the two
cell types, the viability of hOS+ celis were significantly higher than hBMSCs.
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Figure 4.20. Confocal micrographs showing viable hBMSCs on HA and HASI. 4 mM
calcein AM ggreen - viable) and 2 mM ethidium homodimer-1 staining (red- dead) staining
after 24h. Ar laser for calcein AM and HeNe laser 528 for ethidium homodimer.
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Figure 4.21. LDH assay for determining the viability of hBMSCs (0S-) and hOS+ cells
cultured on HA and HASI. hOS+ cells showed significantly higher viability (*) than OS- cells
and HAS:I significantly supported cell viability (+) than HA (p<0.001).

4.6.3 Proliferation of hBMSCs and osteogenic induced hBMSCs

Picogreen DNA assay revealed that the number of hOS+ cells on HASi was
significantly higher than that on HA (p<0.001). The hOS+ cells also showed
significantly higher proliferation when compared to hBMSCs on both HA and HASI
(Fig. 4.22).

The considerable increase in spreading and proliferation of hOS+ cells on HASi was
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further supported by SEM analysis, which showed that the cells appeared to be ina
stage of confluency and formed a cell sheet-like canopy on day 14. On day 28, the
cultures developed an interconnected network of ECM over the material without pore
occlusion or pore bridging (Fig. 4.23).
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Figure 4.22. Picogreen assay for determining the proliferation of hBMSCs (0S-) and
hOS+ cells cultured on HA and HASI. hOS+ cells showed significantly higher proliferation
(*) than OS- cells and HAS:I significantly supported cell proliferation (+) than HA (p<0.001).
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Figure 4.23. Scanning electron micrographs showing the morphology of hOS+ cells
cm‘:s:xmd on HA and HASI. Day 14 and Day 28. CS - cell sheet; P - pore; ECM - extracellular
The enhanced proliferation of hOS+ cells on HASi is consistent because previous
studies have proved that human osteoblasts are influenced by the presence of
silicon in HA substrate (Botelho et al., 2006; Phan PV et al., 2003). MC3T3-E1 cells
seeded on Bioglass containing 45% silica exhibited higher proliferative capacity
when compared to HA disks with zero silica. An increased synthesis of ECM was
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also observed in that study (El- Ghannam et al., 1997). Similar to goat cells, hOS+
cells also responded better than hBMSCs, both in terms of viability and proliferation.

4.6.4 Differentiation of hBMSCs into osteogenic lineage
4.6.4.1 Alkaline Phosphatase activity

The specific ALP activity of hOS+ cells were significantly higher on HASi on day 7
and 14 when compared to HA (p<0.01). The ALP activity of hBMSCs remain
unchanged over the whole culture period of 21 days indicating that the differentiation
of hBMSCs happens only in the presence of osteogenic supplements (Fig. 4.24).
Confocal micrograph with ELF-97 staining also supported the biochemical data (Fig.
4. 25).
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Figure 4.24. Specific ALP activity of hBMSCs and hOS+ cells cultured on HA and HASI
- biochemical estimation. The activity was determined based on the hydrolysis of p-
nitrophenyl phosphate to p-nitrophenol. The activity was significantly higher on HASI (+) than
HA (p<0.01). hBMSCs (OS-) cells showed low ALP activity.
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Figure 4.25. Confocal micrographs showing ALP activity of hBMSCs and hOS+ cells
cultured on HA and HASI - ELF-97 staining. Rhodamine-phalloidin (actin - red) and ELF-97
(ALP activity - yellowish green) staining. The signals for ALP were collected through blue
diode.

4.6.4.2 Expression of Alkaline Phosphatase and Bone sialo protein

Real-time PCR analysis of ALP and BSP Il expression was done to confirm the
differentiation of hBMSCs into the osteogenic lineage. The relative ALP expression
was almost similar on HA and HASi on day 7, while on day 14, HASi showed a
significant increase in the expression (Fig. 4.26). gBMSCs showed low ALP
expression on all the days. Even though a significant difference in the ALP activity
(protein level) between HA and HASi was noticed on day 7, there were no change in
the ALP expression (MRNA level) on day 7. Silica may have a role in the post-
translational level, but the real molecular mechanism has to be elucidated.

BSP |l expression was insignificant on day 7 on HA and HASI, similar to the level of
the expression shown by gBMSCs. However on day 14, HASi showed a significant
increase in its expression than HA, which represented “mature osteoblast cells or
osteocytes” on the materials by the second week of culture (4.27).

The promoting effect of ionic dissolution products of bioactive glass (mainly Si* and
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Ca”) on the gene expression of human osteoblast involved in osteoblast
proliferation and ECM remodeling has been reported (Phan PV et al., 2003;
Christodoulou | et al., 2005). Another study depicted that by the supplementation of
orthosilicic acid to human osteoblasts, an increase in ALP activity and osteocalcin
has been observed (Reffitt DM et al., 2003).
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Figure 4.26. Real-time PCR analysis of the expression of ALP on hBMSCs and hOS+
cells cultured on HA and HASI. hBMSCs (OS-) showed low ALP expression. HASi showed
significant increase in expression (+) than HA (p<0.001).
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Figure 4.27. Real time PCR analysis of the expression of BSP on hBMSCs and hOS+
cells cultured on HA and HASI. hBMSCs (OS-) showed low BSP expression. HASi showed
significant increase in expression (+) than HA (p<0.001).
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The overall study showed that HA and HASi were capable of supporting the growth
and functional activity of both goat and human cells. The stimulatory effect of HA on
osteoblasts has already been reported (Xie J et al., 2004), which is attributed to the
presence of calcium and phosphorous, very similar to bone apatite. The increased
level of extracellular calcium has been shown to induce osteoblast proliferation and
chemotaxis through binding to a G-protein coupled extracellular calcium sensing
receptor (Yamaguchi T et al., 1998; Yamaguchi T et al, 2000). The ability of
osteoblasts to transport phosphorous is recognized as a requirement for the
induction of gene expression. The influx of phosphorous into osteoblasts via the
action of sodiuﬁi—dependent phosphate cotransporter mechanism has been shown to
trigger ECM proteins and subsequently mineralization (Beck GR Jr et al., 2000). In
addition to the prevalence of calcium and phosphorous, the highly interconnected

poroué architecture has also favoured the cellular function on HA and HASI.

The coating of HA with silica sol resulted in marked changes in cell behaviour, which
confirms the importance of surface chemistry on osteoblast behaviour (Lossdorfer S
et al., 2004). Silica-based biomaterials can enhance biological activity through the (a)
surface availability of Si and its influence on surface charge (b) local Si release (Hing
KA et al., 2006). In the first mechanism, an electronegative silanol (Si-OH) group will
be generated on the surface of silica-based materials due to the ion exchange with
H* and H;0" (Lobel KD et al., 1998). The ion exchange causes a rise in pH, thus
influencing cell metabolism and function (Busa WB et al., 1984). The process of ion
exchange is followed by the formation of a silica-gel layer that can selectively and
strongly adsorb serum glycoproteins and initiate cell adherence, therefore allowing
for increased cell proliferation and differentiation. The second mechanism is the
release of Si from silica-based biomaterials. Solutions of high silicon concentration
induce osteoblasts and stimulate a subset of genes related to osteoblast function.
One study reported that the ionic product of Bioglass with Si induced the expression
of several growth factors and many kinases in signaling cascades like extracellular
signal-regulated kinase (ERK) and mitogen-activated proteins kinases (MAPKSs)
pathways (Xynos et al., 2001).

The response of goat and human cells on HA and HASi in terms of viability,
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morphology and proliferation was approximately same with no significant difference,
which implies the comparability between these two species for in vivo studies.
However, the ALP activity of goat cells was significantly lower than human cells in
this study, which may be probably species related. This data is comparable to a
previous study where the ALP activity of human cells was 10 - 20 times higher than
goat cells (Kruyt et al., 2004).

Generally, the cell proliferation and differentiation are two interdependent processes
having a counteracting relationship. When the cells go through differentiation lineage
with subsequent induction of genes assoéiated with matrix maturation and
mineralization, a decline in cell proliferation is reported on TCPS plates (Stein GS et
al., 1990). A similar phenomenon was observed on HA, where the cell proliferation
was decreased after the third week of culture. On the other hand, interestingly, HASI
was capable of maintaining the cell proliferation and osteogenic maturation in a
parallel relationship. Recently, results with human MSCs and human fibroblasts
indicated that the growth on denatured collagen matrix resulted in the reduction of
the rate of cellular aging with simultaneous increase in the retention of osteogenic-
specific functions and markers (Mauney JR et al., 2004b). Rat calvarial osteoblasts
showed an enhanced proliferation and differentiation on O-phospho-L-serine
modified calcium phosphate bone cement (Reinstorf A et al., 2004). Thus the ultimate

fortune of cells is determined by the respective matrix / substratum.

4.7 Evaluation of osteogenic induced gBMSCs on fibrin glue and

platelet-rich plasma coated bioactive ceramics

The reponse of gOS+ cells on six group of materials were included in the study. The
group were (1) uncoated HA (HA) (2) uncoated HASi (HASIi) (3) PRP coated HA
(PHA) (4) PRP coated HASi (PHAS:I) (5) Fibrin glue coated HA (FHA) (6) Fibrin glue
coated HASI (FHASI) was included in the study.

4.71 PRP separation and platelet coating

PRP was separated from the blood by centrifuging at 2500 rpm for 5 min. The
platelet count of goat blood was approximately 400 x 10° platelets / mL whereas for
PRP, it was about 600 x 10° platelets / mL (1.5 fold increase). Similarly, the platelet
count of human blood was about 200 x 10° platelets / mL and for PRP, it was about
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400 x 10° platelets / mL (2 fold increase).

The coating of platelets on HA and HASi was performed by immersing these
materials in PRP for 1h with agitation. The percentage reduction of platelets in PRP
was higher with HA than HAS;, indicating more adsorption of platelets on HA (Fig. 4.
28a). There were no significant differences in the adsorption between goat and
human platelets. These results were further confirmed by LDH assay (Fig. 4.28b).
The greater adsorption of platelets on HA may be due to its rough surface when
compared to HASi. It has been reported that rough surfaces display an increase in
fibrinogen adsorption and platelet adhesion at early blood contact times (Nygren H et
al.,1997).

16

12

% reduction
o
o

04

HA HASI

Figure 4.28. The adhesion of goat and human platelets on HA and HASI (a) The
percentage reduction of platelets in PRP after agitation with HA and HASI separately (b) LDH
assay. HA showed significant increase (+) in adhesion than HASI (p< 0.01).

4.7.2 Platelet activation

It is comprehended that bovine thrombin or calcium trigger the activation of platelets
to secrete growth factors. However, there is evidence that exposure to bovine
thrombin can result in the development of autoimmune antibodies, usually against
factor V, which can lead to a profound coagulopathy (Landesberg R et al., 1998). At
the same time, HA and HASi contained calcium as the main element, which can
induce platelet aggregation (Kamath S et al., 2001). So the activation of platelets
without using any triggering agents was proposed. P-selectin is an adhesion
molecule expressed on activated platelets and PF4 secreted by the platelets is an
index of platelet aggression (Kawabata K et al., 1998).
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Flow cytometric analysis showed that P-selectin expression was significantly higher
when exposed to HASI than HA. Four well TCPS plate (control) always showed low
expression of P-selectin than HA and HAS: (Fig. 4.29).

The concentration of PF4 release was determined by ELISA technique. At 1 min,
there were no significant change in PF4 release between HA and HASI, while at 60
min, HASI performed significantly better than HA. Four well TCPS plate (control)
always showed low release of PF4 at both the time points (Fig. 4.29). These results
reflected that with out the addition of any triggering factors, HA and HASi can
activate platelets. Even though the platelet adhesion was higher on HA, the
activation was significantly enhanced on HASi than HA where the chemical
composition, particularly silica may have played an important role (Nemmar A ef al.,
2005).

Control HA HASI

Figure 4.29. The activation of human platelets exposed to HA and HASI. P-selectin
expression was determined by flow cytometry (60 min) and PF4 release by ELISA (1 min and
60 min). P-selectin expression and PF4 release was significantly higher with HASI than HA
(*) than control (+). Four well TCPS plate was taken as the control (p< 0.01).

4.7.3 Fibrin glue coating

The coating of FG on HA and HASi was determined through SEM-EDS and Raman
spectroscopy. SEM revealed a uniform coating of FG with smooth appearance on
HA and HASI. EDS of FG coated materials showed an additional element of carbon
along with the main elements in HA and HASi (HA - Ca and P; HASi - Ca, P and Si)
(Fig. 4.30). Raman spectroscopic analysis confirmed the coating where an addition
band of primary amine at 1590 cm™ was observed in FHA and FHAS:I (Fig. 4.31).
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Figure 4.30. ESEM-EDS of FG coated HA and HASI. FHA - C, Ca, P and O & FHASI - C,
Ca, P, O and Si
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Figure 4.31. Raman spectroscopic analysis of FG coated HA and HASi in comparison
with uncoated HA and HASI (a) Overlay of uncoated HA and FHA (b) Overlay of uncoated
HASi and FHASI.

4.7.4 Viability of osteogenic induced gBMSCs

Confocal micrographs depicted that gOS+ cells were abundant, homogenous and
occupied a wider area reaching confluence throughout the entire volume of PRP and
FG coated HA and HASi. The morphology of cells also differed in coated groups
where the cells exhibited a spindie shaped appearance with conspicuous
cytoplasmic extensions. HASi showed better performance than HA, in uncoated and
PRP / FG coated groups (Fig. 4.32).

LDH assay depicted that the viability of gOS+ cells increased with incubation time in
all the groups except uncoated HA (Fig. 4.33). On uncoated HA, the cell viability
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decreased after day 21, but on PHA and FHA, the viability significantly sustained up
to day 28 (p< 0.001). During the first week of culture, PRP and FG coated HA and
HASi performed better than uncoated groups, with preference for HASi than HA
groups. But after day 7, the viability of cells on FHA and PHA reduced, so that the
performance was in the order of FHASi > PHASi > HASi > FHA > PHA > HA among
the groups. The decrease in viability in HA groups (uncoated and PRP / FG coated)
was significantly higher (p< 0.001) on day 21 and day 28 as compared to PRP and
FG coated HASi groups and even than on uncoated HASI. This emphasizes that the
strong stimulus emanated perhaps from the silica content in HASi groups to sustain
cell viability was even higher than the stimulus offered by PRP and FG in HA groups.

HA
PHASI FHASI

Figure 4.32. Confocal micrographs showing viable gOS+ cultured on PRP and FG
coated HA and HASI. Acridine orange (viable cells - green) and ethidium bromide staining
(dead cells — red) after 28 days in culture. The signals were collected through 488 nm Argon /
2 laser.
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Figure 4.33. LDH assay for determining the viability of gOS+ cells cultured on PRP and
FG coated HA and HASI. The viability was significantly enhanced on PRP and FG coated
matrices when compared to uncoated HA (+) and uncoated HAS: (*) (p< 0.001).

This study proved that PRP and FG coated HA and HASI can enhance cell viability.
Activated PRP has a favorable effect on osteoblasts as they can release multifaceted
blend of growth factors that has stimulatory effects on MSCs (Graziani F et al., 2006;
Slapnicka J et al., 2008). But these activities are dependent on the concentration of
PRP. The viability and proliferation of osteoblasts were stimulated by low PRP
concentrations (1 - 5%) and were suppressed by high PRP concentrations (Choi B et
al, 2005; Graziani F et al, 2006). Based on these previous reports, it is
hypothesized that the activation of platelets exposed to HA and HASi without the
addition of any triggering factors may be satisfactory to stimulate gOS+ cells.
Similarly, FG proved to support cells as it contains arginine-glycine-asparagine
(RGD) motifs, which bind to cell receptors (predominately integrins) very firmly and
sustain cellular viability (Seelich T 1982; Sierra DH 1993).

It is well established that the cell spreading, viability and proliferation is dependent on
the quality of initial cell adhesion on a substrate. So the proposition is that the growth
factors released by PRP and the temporary ECM created by FG have facilitated the
initial cell adhesion firmly that lead to enhanced cell viability. This also gave an
explanation for a different morphology for the cells cultured on PRP and FG coated
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Figure 4.33. LDH assay for determining the viability of gOS+ cells cultured on PRP and
FG coated HA and HASI. The viability was significantly enhanced on PRP and FG coated
matrices when compared to uncoated HA (+) and uncoated HAS: (*) (p< 0.001).

This study proved that PRP and FG coated HA and HASI can enhance cell viability.
Activated PRP has a favorable effect on osteoblasts as they can release multifaceted
blend of growth factors that has stimulatory effects on MSCs (Graziani F et al., 2006;
Slapnicka J et al., 2008). But these activities are dependent on the concentration of
PRP. The viability and proliferation of osteoblasts were stimulated by low PRP
concentrations (1 - 5%) and were suppressed by high PRP concentrations (Choi B et
al, 2005; Graziani F et al, 2006). Based on these previous reports, it is
hypothesized that the activation of platelets exposed to HA and HASi without the
addition of any triggering factors may be satisfactory to stimulate gOS+ cells.
Similarly, FG proved to support cells as it contains arginine-glycine-asparagine
(RGD) motifs, which bind to cell receptors (predominately integrins) very firmly and
sustain cellular viability (Seelich T 1982; Sierra DH 1993).

It is well established that the cell spreading, viability and proliferation is dependent on
the quality of initial cell adhesion on a substrate. So the proposition is that the growth
factors released by PRP and the temporary ECM created by FG have facilitated the
initial cell adhesion firmly that lead to enhanced cell viability. This also gave an
explanation for a different morphology for the cells cultured on PRP and FG coated
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matrices when compared to bare materials.

4.7.5 Proliferation of osteogenic induced gBMSCs

DNA results proved that the cell number increased as the culture period increased in
all the groups, except on uncoated HA on which the cell proliferation decreased after
day 21. However, PRP and FG coated HA has stimulated the cell growth significantly
up to day 28. The results of cell proliferation was in par with cell viability and here as
well, the performance among the groups was in the order of FHASi > PHASI > HASI
> FHA > PHA > HA after day 7 (Fig. 4.34).
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Figure 4.34. Picogreen assay for determining the proliferation of gOS+ cells cultured
on PRP and FG coated HA and HASI. The proliferation was significantly enhanced on PRP
and FG coated matrices when compared to uncoated HA (+) and uncoated HASI (*) (p<
0.001).

The mitogenic effects of PRP on BMSCs and osteoblasts have been reported which
is mediated through PDGF and TGF- (Lucarelli E et al., 2003; van den Dolder J et
al., 2006; Slapnicka J et al., 2008). Some studies have showed that PRP mediated
induction of osteoblast proliferation can happen even without FBS, a major source of
growth factors, emphasizing the beneficial abilities of PRP (Ferreira CF et al., 2006).
Similar to PRP, gOS+ cells proliferated appreciably on FG coated matrices. It is
reported that the rate of proliferation of MSCs on FG is dependent on the ratio of

1




fibrinogen complex to thrombin (Ho W et al.,, 2006). In addition, the fibropeptides
released during the formation of fibrin is also mitogenic for various cells (Sporn LA et
al., 1995).

When the cells enter into the differentiation lineage, the proliferation rate declines
(Stein GS et al.,1990). The proliferation of cells slowed down on uncoated and PRP /
FG coated HA groups after day 7. On the contrary, the cells continued to proliferate
on HASIi, both in uncoated and PRP / FG coated groups, which indicated the
inherent influence of silica on cellular activities.

4.7.6 Morphology of osteogenic induced gBMSCs

The efficiency of cell adhesion and spreading on PRP and FG coated HA and HASI
was determined through SEM on day 28. The cell body with anchoring filopodia was
clearly seen on uncoated HA, but the celi number was low. On bare HASI, the cells
were uniformly spread to form a cell sheet-like structure. Interestingly, HA and HASI
coated with PRP and FG had more cell densities and ECM deposition (Fig. 4. 35).

Figure 4.35. Scanning electron micrographs showing the morphology of gOS+ cells
cultured on PRP and FG coated HA and HASI - Day 28.

4.7.7 Cell cycle analysis

The cell cycle analysis was done through propidium iodide staining by flow cytometry
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on day 28. The cell doublets were excluded through pulse width versus pulse area
so that the single cells passing through the beam was taken into consideration. More
emphasis was given to S-phase and apoptotic phase of the cell cycle in order to
know the influence of scaffolds on the cells to undergo replication and apoptosis.
The percentage of cells in replicative phase were more on HASi groups including
uncoated / PRP / FG coated HASI groups. Similarly, the performance of substrates
with cells in apoptotic-phase was in the order of HA > HASi > PHA = FHA = PHASI =
FHASI. This emphasised the significance of PRP and FG coating in reducing the
apoptosis of cells when compared to uncoated groups (Fig. 4.36).
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Figure 4.36. Cell cycle analysis of gOS+ cells cultured on PRP and FG coated HA and
HASI. Propidium iodide staining by flow cytometry on day 28

4.7.8 Differentiation of gBMSCs into osteogenic lineage

The differentiation of gBMSCs into osteogenic lineage was confirmed through ALP
activity and real time PCR analysis of ALP, osteopontin and osteocalcin expression.
The results of real time-PCR were represented as fold increase with respect to
gBMSCs at 24 h.

4.7.8.1 Alkaline Phosphatase activity

Biochemical data showed a gradual increase in the ALP activity during the culture

113




period, with a peak on day 14, followed by decreasing values in all the groups. The
performance among the six groups was in the order of FHASiI > FHA > PHASI =
HASi > PHA = HA on day 7 and 14. Thus there were no significant difference in the
ALP activity between uncoated and PRP coated HA and HASi. However, FHA and
FHASi showed enhanced ALP activity on all days (p<0.001) and among all, FHASI
depicted maximum ALP activity on day 14 (Fig. 4.37). The results were further
confirmed through ELF 97 staining by confocal microscope on day 10 (Fig. 4.38).
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Figure 4.37. Specific ALP activity of gOS+ cells cultured on PRP and FG coated HA and
HASI — biochemical estimation. The ALP activity was significantly enhanced on FG coated
matrices when compared to uncoated HA (+) and uncoated HASI (*) (p< 0.001).

Figure 4.38. Confocal micrographs showing ALP activity of gOS+ cells cultured on
PRP and FG coated HA and HASI - ELF-97 staining - Day 10. The signals were collected
through Hoechst long pass filter.
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4.7.8.2 ALP expression

Real time data of ALP was comparable to biochemical data. The expression of ALP
was in the order of FHASi > FHA > PHASI = HASi > PHA = HA on day 7 and 14. The
highest expression was on day 14. There was no significant difference in ALP
expression between uncoated and PRP coated HA and HASi. However, FG coated
matrices showed improved ALP expression with the highest expression on FHASI on
all the days (Fig. 4.39).

Similar to our data, previous studies have also reported that PRP has no effect on
the ALP activity of osteogenic induced rat BMSCs (Kanno T et al., 2005; van den
Dolder J et al., 2006). In another study, PRP enhanced the proliferation of rat
BMSCs but it decreased ALP activity significantly (Ogino Y et al., 2005). The real
molecular mechanism behind the suppressive or null effect of PRP on ALP is not yet
elucidated.
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Figure 4.39. Real-time PCR analysis of the expression of ALP on gOS+ cells cultured
on PRP and FG coated HA and HASI. The ALP expression was significantly enhanced on
FG coated matrices when compared to uncoated HA (+) and uncoated HASI (*) (p< 0.001).

4.7.8.3 Osteopontin expression

The expression of osteopontin gradually augmented during the culture period with a
peak on day 21, followed by a decline in expression, indicating that the osteoblast
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cells attained maturity by third week of culture. PRP and FG coated HA and HASI
significantly performed better than uncoated groups, with preference for HASi groups
(Fig. 4.40).

4.7.8.4 Osteocalcin expression

The expression of osteocalcin was highest on day 28 on all the substrates, which
indicated that osteoblasts became matured and has undergone mineralization during
the fourth week of culture. The performance of osteocalcin among the groups was in
the order of FHASi > FHA = PHASi > PHA = HASi > HA on all the days except on
day 28 (Fig. 4.41).
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Figure 4.40. Real-time PCR analysis of the expression of osteopontin on gOS+ cells
cultured on PRP and FG coated HA and HASI. The expression was significantly enhanced
on PRP and FG coated matrices when compared to uncoated HA (+) and uncoated HASI (*)
(p< 0.001).
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Figure 4.41. Real-time PCR analysis of the expression of osteocalcin on gOS+ cells
cultured on PRP and FG coated HA and HASI. The expression was significantly enhanced
on PRP and FG coated matrices when compared to uncoated HA (+) and uncoated HASI (*)
(p< 0.001).

Even though PRP has no effect on ALP, the osteopontin and osteocalcin expression
was significantly enhanced on PRP coated HA and HASI, comparable to previous
reports where PRP enhanced the levels of osteopontin mMRNA in human
osteosarcoma cell lines like HOS and Sa0S-2 (Kanno T et al., 2005). In another
study, PRP stimulated cell proliferation and upregulated the expression of
osteocalcin at a platelet concentration of 2.5x than baseline whereas increased
concentrations resulted in a reduction in proliferation and a suboptimal effect on
osteoblast function (Graziani F et al., 2006). The differentiation of gBMSCs on FG
coated matrices was also enhanced, even better than PRP coated matrices. It was
reported that FG has great influence on the differentiation of MSCs into osteoblasts
and can induce differentiation even in the absence of any osteogenic inducing
factors (Catelas | et al., 2006).

The present study revealed that PRP and FG have a stimulating effect on the growth
and differentiation of gOS+ cells. PRP is a rich source of many growth factors and
the period of the direct influence of growth factors is said to be less than 3 days. For
example, the release of PDGF was highest during the first 24 h of culture and TGF-
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34 during the first 48 h (Zagai U et al., 2003). Similarly, fibrin matrix is maintained
only for few days (in the order of days to few weeks) and the degradation occurs
subsequently (Ho W et al., 2006). Within this short time scale, both PRP and FG act
as a positive stimulant for the proliferation of the cells and to form their own ECM,

leading to a long-lasting effect on cellular responses.

Compared to all the substrates, FHASi was the excellent substrate because of the
communal action of the stimulus emanated by the silica content and the temporary
ECM provided by FG. However some of the features of PRP are attractive in their
use for further in vivo studies. These include (a) they can be easily obtained from
patient’s blood after a simple centrifugation step (b) PRP contains high concentration
of platelets and a native concentration of fibrinogen. Thus, the effect of FG also will
be attained in the presence of indigenous thrombin when PRP is delivered to the
defect site (Yamada Y et al., 2004) (c) PRP preparation is cheap while the cost of
commercially available FG like Tisseel is exorbitant for its price (about $300 for a
total volume of 4 mL) (Alving BM et al., 1995, Alving B et al., 1999).
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CHAPTER 5

EVALUATION OF TISSUE-ENGINEERED BIOACTIVE
CERAMICS IN VIVO - EXTRASKELETAL AND
ORTHOTOPIC IMPLANTATION

5.1 Abstract

The treatment of segmental bone defects resulting from trauma or surgical resection
of bone tumors is a formidable clinical challenge nowadays. An ideal bone substitute
should simulate an autograft in its characteristics of being osteoconductive and
osteointegrative, so that it can unite with host bone without fibrous tissue formation
and inflammation. In addition, autograft contains viable osteoprogenitor cell pool that
makes it osteoinductive. Thus the current strategy is focused on tissue-engineered
constructs, where an osteoconductive material seeded with cells may provide
necessary osteoinductive signals for the regeneration of bone. However, the cells in
construct should survive and function after implantation, which in turn is dependent

on the vascularisation potential of material at the vicinity of defect site.

The specific objectives of the third phase of study were: 1) To evaluate the
vascularisation potential of bare HA and HASi (without cells) in comparison with
tissue-engineered HA and HASI (with rOS+ cells) at an extraskeletal site in rat model
2) To evaluate the osteoinductive potential of bare HA and HASI (without cells) in
comparison with tissue-engineered HA and HASi (with rBMSCs / rOS+ cells) at an
extraskeletal site in rat model 3) To evaluate the potential of bare HASI (without cells
or PRP) in comparison with tissue-engineered HASi (with gOS+ cells and PRP) to
regenerate bone and to undergo degradation in a segmental defect (2 cm) created in
the femur of goat model.
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5.2 Extraskeletal implantation studies

5.2.1 Evaluation of osteogenic induced rBMSCs on bioactive ceramics in
vitro

The duration of culturing of cells on the materials in vitro prior to implantation is an
imperative aspect that ensures the success of tissue-engineered constructs. A
previous study with rBMSCs examined this effect and established that the bone
formation was generated more effectively by a short in vitro culture period (day 1-8)
(van den Dolder J et al., 2002). Therefore herein, the cells were cultured on HA and
HASi for a period of 7 days. LDH assay (Fig. 5.1a) and specific ALP activity, (Fig
5.1b) proved that rOS+ cells were viable and manitained their osteogenic phenotype
when used for extraskeletal implantations. The cellular reponses were significantly
high on HASi than HA.
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Figure 5.1. Viability and osteogenic differentiation of rOS+ cells cultured on HA and
HASI (a) LDH assay - viability (b) specific ALP activity — osteogenic differentiation. HASI
showed significant increase (+) in performance than HA (p<0.001).

5.2.2 Experimental groups

Six groups were included in the study. Group |: Bare HASi (HASi); Group I: rBMSCs
cultured HASi (HASi+C (0S-); Group lll: rOS+ cells cultured HASi (HASi+C); Group
IV: Bare HA (HA); Group V: rBMSCs cultured HA (HASi+C (OS-); Group VI: rOS+
cells cultured HA (HA+C). Group Il and Group IV was included only in neo-
osteogenesis studies, particularly, histological and histomorphometric evaluation.
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5.2.3 Evaluation of post-implanted tissues
5.2.3.1 Gross observation

All rats showed an undisturbed wound healing without any clinical signs of
inflammation-at the surgical site. The materials in all the groups showed intimate
contact with the surrounding muscles depicting proper stationing of the materials in

the implantation bed.

5.2.3.2 Neo-vascularization studies

The cells within the tissue-engineered constructs can survive by diffusion of nutrients
and oxygen from blood vessels, but it is limited to a diffusion depth of 300 pm (Kruyt
MC et al., 2004a; Kruyt MC et al., 2004b). Therefore sequential growth and spread of
a vascular system within the tissue-engineered constructs particularly in larger

defects is imperative.

Herein, neo-vascularisation at the implant site was determined by H & E staining for
2 and 4 weeks. The vascular invasion was very low in bare HA groups, while a
notable increase in blood capillaries together with small blood vessels could be seen
in bare HASI groups at 2 weeks. HA+C and HASi +C groups showed a prominent
increase in performance when compared to bare HA and HASi groups (Fig. 5.2).

At 4 weeks, the vascular invasion with the formation of blood capillaries was
improved in bare HA groups when compared to 2 weeks. Interestingly, in bare HASI
groups, the implantation site was well vascularised with profuse ingrowth of -blood
capillaries together with numerous thin and thick walled blood vessels. HA+C and
HASIi+C groups showed an excellent response when compared to bare HA and HASI
groups (Fig. 5.3).
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Figure 5.2. Light micrographs showing neo-vascularisation at an extraskeletal site at 2
weeks post-implantation. H & E staining. Arrow - Blood capillaries and blood vessels.
Magnification: 20X

Figure 5.3. Light micrographs showing neo-vascularisation at an extraskeletal site at 4
weeks post-implantation. H & E staining. Magnification: 20X
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In most cases after transplantation, the grafts are exposed to the harsh environment
of a hematoma and may be deprived of vascular supply for weeks, which results in
graft failure (Hartman ED et al., 2004). Scaffolds with pore size above 100 um and
having pore interconnections can facilitate the intrusion of cells and blood vessels
from the host tissue (Karageorgiou V et al., 2005). Accordingly, the highly porous
structure of HA and HASI has improved vascular invasion in this study. However, the
neo-vascularisation was significantly enhanced in HASI, which may be ascribed to
the presence of Si that has been supported by other studies. One study reported that
the increased presence of ionic dissolution products of 45S5 Bioglass (mainly Si) can
stimulate the expression and release of VEGF and bFGF that can induce neo-
vascularization (Richard MD 2005). In another study, bioactive glass coating on
polymeric substrate enhanced angiogenesis through the mitogenic stimulation of
endothelial cells (Leach JK et al., 2006).

The engineering of materials with cells is an added benefit because these cells
secrete many inductive factors that due to their autocrine effects quickly enhance
neo-vascularisation. It is reported that osteopontin play an important role in
angiogenesis by facilitating endothelial cell migration in cooperation with the up
regulation of VEGF (Senger DR et al., 1996; Takahashi F et al., 2002). Our in vitro
studies showed good expression of osteopontin on HA and HASI, which may be

accountable for enhanced neo-vascularisation in HA+C and HASi+C groups.

5.2.3.3 Neo-osteogenesis studies

Neo-osteogenesis was evaluated through histology (Stevenal's blue and van

Gieson’s picrofuchsin staining), histomorphometry, ALP activity and micro-CT.

5.2.3.3.1 Histological evaluation

Bare HA and HASI groups did not reveal any active site of osteoid deposition or bone
mineralization, which is in agreement with previous data demonstrated that ceramics
did not induce any bone formation (Yoshikawa T et al.,, 1992; Yuan H et al., 2006).
Bare HA was lined by thin connective tissue of fibroblast-like cells. The majority of
osteoblast-like cells was seen along the margin of bare HA and was occasional on
the surface or within the pores. However, in bare HASi groups, the cells were visible

not only at the periphery but also within the internal pores and on the surface of the
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implant without fibrous tissue formation and inflammation. The cellular ingrowth
towards the internal pores accentuates higher osteoconductive potential of HASI
than HA (Fig. 5.4).

In tissue-engineered groups, a notable difference was seen not only between HA
and HASI groups, but also among rBMSCs and rOS+ cells cultured materials. In
HA+C (OS-) and HASIi+C (OS-) groups, the ingrowth of numerous osteoblast-like
cells was seen around and within the pores of the materials without fibrous tissue
formation and inflammation. On the other hand, there was no osteoid deposition in
those groups. Similar results were obtained for HA+C groups, where also osteoblast-
like cells were visualized without osteoid deposition. Nevertheless, in HASi+C
groups, immature woven bone with osteoblast-like cells infiltered around and within
the pores of the material was observed (Fig. 5.4). The positive impact in forming
bone is more attributable to the scaffold and not to the cells alone, because both HA
and HASI were engineered simultaneously with the cells from the same source and

same passage.

The presence of numerous osteoblast-like cells in tissue-engineered groups
demonstrated metabolically active tissue within the materials. The cells cultured on
the scaffolds prior to implantation stimulate the recruitment and proliferation of
indigenous stem cells after implantation (Kruyt MC et al., 2004a). However, the
tissue-specific differentiation of MSCs is dependent on the local microenvironment in
which these cells reside and their interactions with the host tissue (Harris CT et al,,
2004). Thus in the absence of any bony environment (extraskeletal site), rBMSCs
on the scaffolds may have needed some more time to reach their osteogenic
potential to fabricate bone. We anticipate that HA+C (OS-) and HASi+C (OS-) groups

may be able to form bone while increasing the implantation period for over 4 weeks.
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Figure 5.4. Histological evaluation of neo-osteogenesis at an extraskeletal site at 4
weeks post-implantation. Stevenal’s blue and van Gieson’s picrofuchsin staining. A -HA; B
- HASI; C - HA+C (0S-); D - HASI+C (0S-); E - HA+C; F- HASi+C. M - material; NB - New
bone; C - cells. Stevenal's blue stains osteoblast-like cells (blue) and van Gieson's
picrofuchsin stains osteoid matrix (yellow). Magnification: 20X

5.2.3.3.2 Histomorphometric evaluation

The image analysis of the stained sections (Stevenal's blue and van Gieson's
picrofuchsin staining) were carried out to quantify (a) the area of cells infiltered
around and within the pore of the materials and (b) the area of newly formed bone.
Generally, HASI illustrated an increase in cellular ingrowth when compared to HA,
both in bare and tissue-engineered groups. Among the groups, the area of cells
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infiltered around and within the pores of the materials was in the order of HA < HASI
< HASi+C < HA+C (0S-) < HASi+C (OS-)< HA+C. There were no significant
differences between all these groups except for bare HA groups where the cellular
ingrowth was comparatively low. The new bone formation was observed only in
HASi+C groups which showed that about 40 - 50% of the pores were filled with
newly formed bone (Fig. 5.5).
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Figure 5.5. Histomorphometric evaluation of the area of cellular infiltration and new
bone formation at an extraskeletal site 4 weeks post-implantation. The area was
measured using the Quips programme of QWin soft ware of the microscope (Leica DM
6000).

5, 2.3.3.3 Alkaline Phosphatase activity

The activity of ALP, a known biomarker for osteoinductive cells, (Wlodarski KH et al.,
1986) at the implanted site was observed 2 weeks post-implantation through ELF-97
staining by fluorescence microscopy (Fig. 5.6). HA+C and HASi+C groups were only
included in this study to confirm the histology data concerning new bone formation.
They} ALP activity was observed in both the groups, with significant enhancement on
HASi. Muscle cells taken as negative control showed no ALP activity.
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HASIi+C

Figure 5.6. Fluorescent micrographs depicting ALP activity at an extraskeletal site 2
weeks post-implantation. ELF-97 staining for ALP activity (yellowish green). Arrow — ALP
activity. Magnification: 20X

5.2.3.3.4 Mineralization studies

The newly formed bone undergoes mineralization which was verified through the
density distribution graph plotted from 2D micro-CT images 4 weeks post-
implantation (Fig. 5.7). Micro-CT imaging is an efficient, non-destructive tool to
measure the amount and distribution of mineralised matrix throughout 3D constructs
in vitro and in vivo (Cartmell S et al., 2004).

The density of raw HA and HASi (before implantation) was compared with HA+C and
HASi+C groups. The density of raw HA and HASi was approximately 2293 mgHA /
ccm and 1657 mgHA / ccm respectively. Following implantation, HA+C groups did
not show any remarkable change in the density (approximately 2000 mgHA / ccm),
while a detectable increase in the density was observed in HASi+C groups
(approximately 2100 mgHA / ccm). This specified an increase in total matrix
mineralization in HASi+C groups.
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HASi+C

Figure 5.7. Density distribution graphs showing mineralization of newly formed bone at
an extraskeletal site 4 weeks post-implantation. The graphs were plotted from 2D micro-
CT image. mgHA / ccm denotes milligram of hydroxyapatite per cubic centimeter. The inset
image shows the retrieved tissues from the implanted site.

These studies confirmed new bone formation in tissue-engineered conditions, with
an obvious preference for HASI scaffolds and the cells cultured in presence of
osteogenic supplements. It is well recognized that the rate of bone regeneration and
its quality is related to porosity (Karageorgiou V et al., 2005). When ceramics with
different pore sizes were compared, the new bone formation was higher for 300 -
400 pum pore size and this was the critical size above which blood capillaries could
be observed when implanted subcutaneously in rats (Kuboki et al., 2001; Tsuruga et
al., 1997). Even though the pore size of HA and HASi ranged between 50 — 500 pm,
new bone formation was observed only in HASi+C groups. This emphasized that
apart from porosity, the surface chemistry of material, particularly the presence of Si,
plays an important role in inducing and accelerating bone formation. A previous
study supported this hypothesis where the new bone formation was accelerated
when calcium phosphate calcium silicate system in combination with FG was used at
an extraskeletal site of mice model. At the same time, HA did not induce bone
formation in the same condition (Abiraman S et al., 2002). Another study reported
that the activity of silica-based bioactive materials can overshadow the effect of even
BMP 2 gene therapies and induce local bone turnover (Valimaki VV et al., 2006).
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The vascularity of the defect site is an important parameter for osteoinduction and for
osteogenesis to occur (Ripamonti U 2006). When fresh marrow cells or cultured
BMSCs were combined with ceramic as the delivery vehicle, bone was formed in
close association with host vasculature (Goshima J et al., 1991a; Goshima J et al.,
1991b). Hartman et al., (2004) found that muscle recipient site could favor bone
formation in a cell-based bone graft substitute compared to subcutaneous recipient
site due to high vascularity of the muscle tissue. In HASi+C groups, the neo-

vascularisation was significantly enhanced that lead to neo-osteogenesis.

The new bone formation in HASi+C groups was occurred by intramembranous
ossification, since no cartilage was observed. It is reported that small pores of the
materials favor hypoxic conditions and induce osteochondral formation before
osteogenesis, while large pores that are well vascularised leads to direct

osteogenesis without preceding cartilage formation (Jin QM et al., 2000).
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5.3 Orthotopic implantation studies

Herein we focused on the progress of bone regeneration in par with material
degradation in a segmental defect (2 cm) in goat femur. All the in vitro studies and
extraskeletal implantation studies proved HASI is a better substrate than HA. So we

have selected HASI as bone substitute in this study.

5.3.1 Experimental groups

Three experimental groups were included for implantation. Group |: Bare HASI
(HASI); Group ll: gOS+ cells cultured HASI (HASIi+C). Group llI: gOS+ cells cultured
HASI together with the delivery of PRP to the defect site (HASi+CP). Three groups
were compared at 2 and 4 months while the studies with bare HASi were continued
for 6 and 12 months.

5.3.1.1 Post-operative management

All goats were self standing and took feed normally even on the first post-operative
day. It gradually gained weight and socialized within the groups in which they were
kept. All the 18 goats survived the study period without any evidence of inflammation

or infection at the implantation site.

5.3.2 Evaluation of post-implanted tissues
5.3.2.1 Gross evaluation

No gross failure or other post operative complications occurred in any of the animals.
The bone had regenerated to bridge the defect and the integration of the material

with host bone on either side was observed in all the animals at 6 weeks

-

Bare HASi groups — New bone formation was observed in the peripheral region of
the defect, while the mid region was identifiable with a portion of the material at 2
moﬁths. The "material was well incorporated with newly regenerated tissue,
demonstrating its osteointegrative nature. At 4 months, new bone formation in par
with the degradation of material was almost achieved throughout the defect. The
original cross circular shape of normal femur with the regeneration of medullary
canal was evident at 6 months and the complete bone remodeling at 1 year (Fig.
5.8).
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HASi+C and HASi+CP groups - In both the groups, new bone formation was
observed through out the defect at 2 months. Only few residues of the materials
were seen, indicating the degradation. The regeneration of medullary canal with the
circular shape of normal femur was achieved at 2 months in HASI+CP groups, while
a similar progress was seen in HASi+C groups at 4 months only (Fig. 5.8).

HASi-2M
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HASI-6M
HASi-12M

Figure 5.8. Gross view of newly regenerated bone in segmental defect post-
implantation. 2M (2 months); 4M (4 months); 6M (6 months); 12M (12 months). The area
between arrows shows mid region (M) (1 cm) and peripheral regions (P) (0.5 cm on each

side) of the segmental defect. HMI denotes host bone-material interface (approximately 0.5
cm on each side).

5.3.2.2 Radiographic analysis

The ceramics could be visualized easily because of the radio opacity of the material
(Bruder et al., 1998). A distinct radiolucent zone at the interface between the material
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and the host bone was visible immediately after the surgery. The absence of this
radiolucent zone is considered to be an indication of “union” between the material
and the host bone. Accordingly, this union was observed at 6 weeks in all the groups
demonstrating the osteoconductive and osteointegrative nature of HASI. In addition,
an osseous callus had developed around the periphery of material as well as around
the adjacent host bone at 6 weeks in all the groups, depicting indirect or secondary
bone healing at the defect site. Since ceramics are much more radio opaque than
bone, a decrease in radio opacity was considered as new bone regeneration and

material degradation (Fig. 5.9).

Bare HASi groups - New bone was regenerated at the interfacial area between the
material and host bone as well as along the edges of intramedullary nail within the
defect at 2 months. The material was still visible in the mid region of the defect
during this period. At 4 months, a decrease in radio opacity related to new bone
formation and material degradation was observed throughout the defect. The newly
formed bone integrated completely with host bone and underwent mineralization at 6
months. The density of mineralized new bone was similar to host bone at 12 months
so that the defect region was difficult to distinguish from the host bone. The
thickening of de novo cortical bone similar to normal femur was also achieved during

this period.

HASi+C and HASi+CP groups - A decrease in radio opacity of implant indicating new
bone formation and material degradation was noticed throughout the defect at 2
months. The newly formed bone has undergone mineralization and the density of
mineralized region was almost comparable to the host bone at 4 months. The newly
formed bone integrated completely with host bone and the cortical bone thickening
similar to normal femur and remodeling was also achieved during this period.
HASi+C and HASi+CP groups showed comparable temporal response, while a
slightly faster response was seen in HASi+CP groups.

Radiographic results depicted that the fixation of porous HASi cylinders using
titanium intramedullary nail and inter fragmentary screws to the proximal and distal
diaphysis were stable and pertinent. Porous ceramics are brittle and tend to fracture
in the centre (Moore DC et al., 1987; Grundel et al., 1991). So it is necessary to

avoid excessive load on the ceramic materials during the early stages of healing to
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prevent collapse and fracture of the implant (Zhang C et al., 2001).

Although the fixation system is needed for the stabilization of porous materials, some
mechanical stress should pass through the bone, which optimizes ultimate bone
architecture as per Wolff's law (Frost HM 1994). Thus in order to provide mechanical
stress through the defect, some studies showed the removal of intramedullary nails
or screws as bone regenerated and grew into the pores of the material (Zhu et al,,
2006). However the removal of fixation devices requires an additional surgery after
few months of implantation. So herein, in order to avoid an extra surgery and to
provide reasonable mechanical stress or motion through bone-implant interface
‘throughout the implantation period, one of the proximal locking was done with
dynamic screw system. This micro motion has led to indirect or secondary healing
with osseous callus, which was evident at 6 weeks of post implantation. Finally, the
thickening of newly regenerated bone matching the architecture of host bone
suggested an appropriate stress transfer along HASi during the repair of segmental
defect.

Faster consolidation and mineralization was observable in HASi+C and HASi+CP
groups. This indicated that gOS+ cells cultured on HASI scaffolds and PRP delivered
at the defect site was efficient in restoring the continuity of implant and the normal
architecture of bone in an effective and easiest manner. These results were
comparable to previous reports using resorbable scaffolds with BMSCs and PRP
(Petite H et al., 2000; Zhang CQ et al., 2004).
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Figure 5.9. Radiographs of newly regenerated bone in segmental defect post-
implantation. Day 0 (Immediately after surgery); 6W (6 weeks); 2M (2 months); 4M (4
months); 6M (6 months); 12M (12 months). Arrow - segmental defect site.
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5.3.2.3 Histological evaluation

Histological examination demonstrated an unevenful healing of the defect without
any signs of inflammatory response or fibrous tissue formation. Bridging of the defect
and union of the material with host bone on either side was observed in all the

groups. The peripheral and mid region of the defect was validated separately.

In bare HASI groups, new bone deposition and material degradation was advanced
in peripheral region as compared to mid region of the defect. The osteoblasts
colonized and formed bone matrix and osteocytes were encased in the bone matrix
mainly in the form of mature lamellar or Haversian structure in the peripheral region
of the defect at 2 months. Moreover, the material was almost degraded leaving
behind a few ghost structures of HASi. However, in the mid region of defect at 2
months, newly formed trabeculae were scanty and most of the area was occupied by
the material. Numerous osteoblast-like cells were seen in and around the material
without fibrous tissue formation and inflammation (Fig. 5.10). At 4 months, new bone
deposition and material degradation was achieved throughout the defect, but a
qualitative difference was observed in the bone formed between peripheral and mid
region of the defect. A well organized mature lamellar pattern of bone was visualized
in the peripheral region while immature woven bone lined with a seam of osteoblast
cells was seen in the mid region of defect. The material was not completely resorbed
but existed as small islands embedded in newly formed bone (Fig. 5.11). At 6 and 12
months, newly formed bone was organized in the form of mature lamellar pattern
through out the defect. A complete bone remodeling was achieved at 12 months
(Fig. 5.12).

In HASi+C and HASi+CP groups, new bone formation and material degradation was
faster and superior. At 2 months, newly formed bone was seen throughout the defect
with a qualitative difference between peripheral and mid region of the defect. A
mature lamellar pattern of newly formed bone was observed in the peripheral region,
while immature woven bone was seen in the mid region of defect. Only few remnants
of the material were seen throughout the defect, which was in direct contact with
osteoblast-like cells without the interposition of fibrous tissue (Fig. 5.10). At 4
months, mature lamellar bone organizations were seen throughout the defect where

osteocyte-like cells were arranged around the Haversian canal. There were no traces
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of material at the defect site (Fig. 5.11). HASi+C and HASi+CP groups did not show
any noticeable difference between them.

Many osteoclast-like cells were also found close to the material in HASi+C and
HASi+CP groups at 2 months, demonstrating osteoclast-mediated degradation of
materials in these groups (Fig. 5.13 and Fig. 5.14).

Figure 5.10. Light micrographs of newly formed bone in the peripheral and mid region
of segmental defect - 2 months post-implantation. M-Mid region of the defect; P-
peripheral region of the defect; OB-osteoblast-like cells; M — material; WB — woven bone; HS
- Haversian system; OC - osteocyte-like cells. Stevenal’s blue (osteoblast-like cells - blue)
and van Gieson's picrofuchsin (osteoid matrix — yellow) staining. Magnification: 20X
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Figure 5.11. Light micrographs of newly formed bone in the peripheral and mid region
of segmental defect - 4 months post-implantation. M-Mid region of the defect; P-
peripheral region of the defect; OB-osteoblast-like cells; M — material; WB — woven bone; HS
— Haversian system; OC - osteocyte-like cells. Stevenal’s blue (osteoblast-like cells — blue)
and van Gieson's picrofuchsin (osteoid matrix — yellow) staining. Differential coloring of van
Gieson’s picrofuchsin indicate difference in the organization level of osteoid matrix.
Magnification: 20X
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Figure 5.12. Light micrographs of newly formed bone in the mid region of segmental
defect - 6 and 12 months post-implantation. (a) 6 months (b) 12 months. Stevenal’s blue
(osteoblast-like cells — blue) and van Gieson's picrofuchsin (osteoid matrix — yellow) staining.
Arrow -Haversian pattern. Magnification: 20X
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Figure 5.13. Light micrographs showing bone remodeling on the surface of material 2
months post-implantation - HASI+C group (a) 20X (b) Typical Haversian structure (50X).

Stevenal’s blue and van Gieson's picrofuchsin staining.

Figure 5.14. Light micrographs showing the association of osteoclast-like cells and
material 2 months post- implantation - HASI+C group (Stevenal’s blue and van Gieson's
picrofuchsin staining). (a) 50x (b) 100x. M-material; OCL-osteoclast-like cells; WB — woven
bone.
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Studies have reported the use of materials like HA-BTCP, coral and polylactide
membranes for the repair of segmental defects where the union mainly appeared at
the host bone-implant interface while the mid portion of these defects showed fibrous
tissue deposition (Bruder et al., 1998; Meinig RP et al., 2002; Zhu et al., 2006).
When porous ceramic cylinders consisting of HA and B-TCP were used for the
healing of canine segmental defect (2.1 cm), trabecular bone was formed only at the
cut ends of the cortex of host bone and most of the pores were filled with fibrous
tissue (Bruder et al., 1998). The use of coral as a scaffold material was ineffective in
the healing of goat femur segmental defect (2.5 cm) (Zhu et al., 2006). When B-TCP
was used for 3 cm mandibular segmental defect, minimal bone formation with almost
fibrous connection was observed (Yuan et al., 2007). In all these cases with bare
material group, native cells could migrate into the scaffold to generate new tissues
and achieve bony union. However, if the migration rate of native cells is not fast
enough to match the degradation rate of scaffold, fibrous union will be formed.
interestingly in this study, besides the union at host bone-implant interface, new
bone was seen in the mid region of defect without the intervention of fibrous tissue.
Thus the capability of HASI to facilitate the migration and proliferation of native cells
and to undergo degradation was almost similar. Periosteum may significantly
contribute for improving the repair process with bare HASIi. The role of periosteum-
derived cells in the bone repair process was assessed in live bone grafts harvested
from Rosa 26A mice. In this model, approximately 70% of the osteogenesis on the
graft was attributed to the expansion and differentiation of donor periosteal

progenitors (Zhang X et al., 2005).

It is decisive to note that the process of bone regeneration occurred by direct
conversion of MSCs into osteoblasts (intramembranous ossification) rather than
through cartilagenous intermediate (endochondral ossification), which may be
imputed to neo-vascularisation at the defect site (Thompson TJ et al., 1989).
Extraskeletal implantation studies in rat model confirmed the vascularisation potential
of HASI that leads to direct bone formation. The vasculature provide a portal for the
entry and establishment of host-derived MSCs and pre-osteoblasts. These cells can
arrive and establish initially in the peripheral region while more time is required for
the cells to reach the mid region of the defect site. This could be the possible

explanation why new bone formation in the mid region was slowed down when
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compared to the peripheral region of defect in bare HASI groups.

An improved and faster osteogenesis in HASi+C and HASi+CP groups was due to its
osteoinductive nature (confirmed through extraskeletal implantation studies) in
addition to its osteoconductive and osteointegrative property, which is critical for
augmenting the healing of segmental defects (Habibovic P et al., 2006). Many
studies reported the promising approach of culture-expanded osteoprogenitors for
the significant improvement of the repair of long bone defects (Ohgushi H et al.,
2003; Kruyt MC et al., 2003; Kon E et al., 2000). The growth factors released through
the delivery of PRP can further improve the expansion of native MSCs at the defect
site, leading to faster bone regeneration (Vogel JP et al., 2006).

An ideal scaffold after providing an initial support for the bone depositing cells should
be resorbed with the same kinetics of new bone formation in order to obtain a
constantly stabilized repair. Even though HA facilitates bony ingrowth onto its
surface, the slow resorption rate is a serious problem, which delays complete bone
remodeling (Vuola J et al., 1998). However in this study, a progressive complete
degradation of HASi scaffolds was observed that provide platforms for the growth
and remodeling of new bone tissue. The process was enhanced when used in
conjunction with OS+ cells and PRP, highlighting the dependency of the material
upon cell and ECM to undergo degradation (Mastrogiacomo M et al., 2007).

5.3.2.4 Morphological evaluation

Scanning electron micrographs demonstrated the union of material with host bone on
either side as well as the formation of new bone without any intervening fibrous

connective tissue, which was similar to histology data (Fig. 5.15).

Bare HASi groups - At 2 months, new bone formation together with material
degradation was observed in the peripheral region of defect while in the mid region,
the material was still visible embedded in the osteoid matrix secreted by osteoblast-
like cells. At 4 months, newly formed bone was seen throughout the defect, which
organized and displayed a regular architecture at 6 months and the complete bone

remodeling at 12 months.

HASIi+C and HASi+CP groups — The defect area was almost completely occupied by
newly formed bone tissue in par with material degradation at 2 months. This newly
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formed bone displayed a regular architecture at 4 months. There was no observable
difference between HASi+C and HASi+CP groups except for some vacuolar spaces
in HASi+CP groups at 2 months.

HASi+C-4M HASi+CP-4M

Figure 5.15. Scanning electron micrographs of newly formed bone in the mid region of
segmental defect - 2, 4, 6 and 12 months post implantation; NB - new bone; OM — osteoid
matrix.

5.3.2.5 Histomorphometric evaluation

The results of the percentage of newly formed bone and material degraded in the
peripheral and mid region of defect is summarized here. The percentage of newly
formed bone and material degraded was calculated with respect to total frame area
(356911.2um?).

141



At 2 months, neo-osteogenesis was significantly greater in HASi+CP groups (76.7%
% 10.1%) and HASi+C groups (61.6 £ 4.8%) when compared to bare HASi groups
(36.2 £ 10.16%) in the mid region of the defect. However, there were no significant
differences between the groups (67 £ 9.6% for bare HASi groups, 80.9 + 4.2% for
HASI+C groups and 84.5 + 4.5% for HASi+CP groups) in the peripheral region of the
defect. At 4 months, there were no significant differences between three groups both
in the peripheral region (78.2 + 6.3% for bare HASi groups, 79 + 9.7% for HASi+C
groups and 83.1% 7.9% in HASIi+CP groups), as well as in the mid region of the
defect (62.5 + 10.9% for bare HASI groups, 78.8 + 3.7% for HASi+C groups and 85.2
+ 5.8% in HASi+CP groups. As the implantation period escalated, bare HASI groups
performed well both in the mid and peripheral regions and achieved approximately
97.5 + 1.9% new bone at 12 months (Fig. 5.16).

The material degradation also followed the similar trail in three groups during the
implantation period. The material degradation was significantly greater in HASi+CP
groups (70.4 £ 1.3%) and HASIi+C groups (55.2 + 7.4%) when compared to bare
HASI groups (20.1 £ 9.9%) in the mid region of the defect at 2 months. Whereas, the
peripheral regions showed no statistically significant differences between the groups
(77.9 £ 0.81% for bare HASI groups; 83.4 + 1.6% for HASi+C groups and 84.3 +
1.7% for HASI+CP groups). At 4 months, there were no significant differences
between three groups both in the peripheral regions (75.2 + 8.4% for bare HASI
groups; 95.4 + 1.8% for HASi+C groups and 94.4 + 0.6% for HASi+CP groups) as
well as in the mid region of the defect (88.5 + 7.9% for bare HASi groups; 97.4 *
4.3% for HASIi+C groups and 97.4 1+ 4.1% in HASi+CP groups). At 12 months, the
material was completely degraded to 99.6 £ 0.33% (Fig. 5.17).

Thus among the groups, the performance in terms of bone regeneration as well as
material degradation was in the order of bare HASi < HASi+C < HASIi+CP. The
results demonstrated that the material was degraded progressively at a rate
commensurate with the formation of new bone. The premature degradation of
material destroy the tissue structure if new bone has not generated yet, while a
lingering degradation of material affect the repairing process, such as tissue
structure and remodeling. Thus the ability of HASi to undergo degradation and to

regenerate bone uniformly is a positive impact in bone tissue engineering studies.
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Figure 5.16. Histomorphometric evaluation of the percentage of newly formed bone in
segmental defect (a) Peripheral region of the defect site (b) Mid region of the defect site.
Bare HASIi groups showed significant increase in performance (*) at 4, 6 and 12 months
when compared to 2 months. The percentage of newly formed bone was significantly
enhanced in HASi+C (+) and HASI+CP groups (+) when compared to bare HASi groups at 2
months.
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Figure 5.17. Histomorphometric evaluation of the percentage of material degraded in
segmental defect (a) Peripheral region of the defect site (b) Mid region of the defect site.
Three groups showed a significant increase in performance (*) at 4, 6 and 12 months as
compared to 2 months. The percentage of material degraded was significantly enhanced in
HASI+C (+) and HASi+CP (+) groups when compared to bare HASI groups at 2 months.
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5.3.2.6 Biochemical assays

It has been reported that serum or urine can be utilized for the evaluation of bone
metabolic indices in humans and animals. ALP is the marker of osteoblasts and its
‘activity can be correlated with new bone formation. Similarly, TRAP is the marker of
osteoclasts and its activity can be considered as the degradation of bone or material
(Sato J et al., 2002). So herein, ALP and TRAP activity in serum was determined to

confirm the bone regeneration and material degradation.
5.3.2.6.1 ALP activity

ALP activity was significantly higher in HASi+C and HASi+CP groups at 2 months,
which slowed down at 4 months when compared to bare HASI. In bare HASI groups,

the activity was significantly higher at 4 months (Fig. 18).
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Figure 5.18. ALP activity in the serum of goat model. The activity was significantly higher
in HASi+C (+) and HASi+CP (+) groups at 2 months, while it was higher in bare HASI groups
*) at 4 months as compared to bare HASi groups at 2 months. The reference values of ALP
activity in adult ranges between 100 - 275 unit / L at 37<T.

5.3.2.6.2 TRAP activity

TRAP activity was significantly higher in HASi+C and HASi+CP groups at 2 months
which slowed down at 4 months. In bare HASi groups, the activity was significantly
higher at 4 months (Fig. 19).
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Figure 5.19. TRAP activity in the serum of goat model. The activity was significantly
higher in HASi+C (+) and HASi+CP (+) groups at 2 months, while it was higher in bare HASI
groups (*) at 4 months as compared to bare HASi groups at 2 months. The theoretical value
for acid phosphatase ranges between 0 - 9 unit / L.

ALP and TRAP activity confirmed that HASi cultured with gOS+ cells can provide
better conditions for the functioning of both osteoblast and osteoclast cells leading to
faster bone regeneration in par with material degradation. In bare HASi groups,
indigenous osteoclast and osteoblast cells has to make their way to the defect site
and therefore requires more time for the process of bone remodeling. That is why in
bare HASi groups, the ALP and TRAP activity was less at 2 months followed by a

significant increase in its activity.

5.3.2.7 Mineralization studies
5.3.2.7.1 Energy Dispersive x-ray spectroscopy

The degree of mineralization of newly formed bone and the degradation of material
from the defect site was determined through line mapping of ESEM-EDS system
(Fig. 5.20). The main elements investigated at the defect site include Ca, P and Si.
Line mapping revealed the very less Si distribution together with the uniform
distribution of Ca and P in HASi+C and HASi+CP groups at 2 months. This showed
that the degradation of material from the defect site (Si is present only in material)
and the mineralization of newly formed bone (Ca and P were uniformly distributed
rather than localized). However, in bare HASi groups, the level of Si was
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comparatively higher and Ca and P were localized, representing the occurrence of

material at the defect site at 2 months.

Since Ca and P were the constituents of both material and bone, it was hard to
interpret the providence of material and bone based on the presence of these
elements. Accordingly, Ca / P ratio within the defect site was calculated (Fig. 5.21
and Fig. 5.22). The Ca/ P ratio varies in different parts of the same bone and also in
different bones and theoretically it ranges from 1.8% to 3.2% (Fountos G et al., 1997,
Tzaphlidou M et al., 2003). Herein, the Ca/P ratio was similar to theoretical value
(approximately 2) in all the groups, both in peripheral and mid region of the defect at
2 and 4 months. The exceptional case was shown only by bare HASi groups at 2
months, particularly in the mid region of defect, where Ca / P ratio attained was 4.
The reason for this greater ratio is not apparent. The contributions of Ca from the
material side (a portion of material was present in the mid region of defect in bare
HASi groups) as well as from the bony site may be accountable for this large Ca / P

ratio.
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Figure 5.20. ESEM-EDS showing the distribution of elements like Ca, P and Si in the
mid region of segmental defect 2 months post-implantation. Line mapping was done to
determine the distribution of elements in the region.
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Figure 5.22. Histogram of the weight percentage of elements like Ca, P and Si in
post-implantation. (a) Peripheral region of the defect (b) Mid
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5.3.2.7.2 Computed Tomography

The mineralization of newly formed bone in par with material degradation was
confirmed through computed tomography, based on their density difference. A
conspicuous difference between three groups was observed only in 2 months, which
is represented here.

A colour-based density method was applied to all the three groups using Syngo
software of Siemens CT scanner (Fig. 5.23). Accordingly, red colour represent the
mineralized bone phase and green colour represent the material phase. In bare HASI
groups, the mineralized bone phase was found only in the peripheral region of defect

while the mid region was almost occupied by the material. On the contrary, in
HASi+C and HASi+CP groups, a uniform distribution of red colour related to the
mineralization of newly formed bone was observed. Qualitatively there was no
noticeable difference between HASi+C and HASi CP groups.

Figure 5.23. Computed Tomographs showing the mineralization of newly formed bone
in segmental defect 2 months post-implantation. CT image of longitudinally cut portion of
the femur of goat model (middle view in sagittal plane) (Model: Siemens syngo soft ware).

5.3.2.7.3 Micro-computed Tomography

The mineralization of newly formed bone was once again confirmed through micro-
CT based on its density difference, which provides optimal isotropic resolution
around 10 pm?® (Gauthier O et al., 2005). In addition to mineralization, micro-CT is a
non-destructive technique for the analysis of 3D trabecular bone micro architecture in
vivo (Kuhn JL et al., 1990).

The retrieved tissue was scanned in z-axis to get 3D view of micro structural pattemn
and mineralization of the defect. The backside (cortical region) and frontal side
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(medullary canal region) of 2 and 12 months post-implanted bone tissue is

represented here (Fig. 5.24).

Bare HASI groups - New bone has bridged across the defect at 2 months. New bone
with normal femoral contour was achieved throughout the cortical region of defect,
while the frontal side towards the mid region of defect showed the existence of
material. A line of crack in one side of the cortical region of defect was seen, which
may be the region where the material has already degraded and the new bone was
started to form. The density of bone, which is related to mineralization, was found to
be advanced in the cortical region of defect. At 12 months, a completely mineralized
bone having the thickness of a normal femur was achieved, both in the cortical and

medullary region of bone tissues.

HASi+C and HASIi+CP groups - The new bone has formed in perfect continuity with
surrounding host bone and almost attained the appearance of the original cortex of
femoral diaphysis at 2 months. 3D images demonstrated newly developed trabecular
bone and its homogenous interconnectivity throughout the entire defect. In addition,
the density of newly formed bone was advanced in entire z-stacked images,
representing the uniformity of mineralisation all over the tissue constructs. There was

no observable difference between HASi+C and HASi+CP groups.

Mineralization of bone matrix implies two successive steps: a rapid primary
mineralization on the calcification front followed by a slow process of secondary
mineralization progressively adding about one-half of the mineral content on bone
matrix. Element weight percentage analysis, CT and micro-CT showed that HASi+C
and HASi+CP groups were capable of generating mineralized matrix through out the
defect in a rapid manner within 2 months. In addition, Ca / P ratio was within the
theoretical range of bone. The reason is that the culturing of cells in osteogenic
medium can create mineralized template under in vitro culture conditions that
dramatically enhance subsequent in vivo mineralized tissue formation (Bielby RC et
al., 2004). Previous studies reported that the impact of changes in bone remodeling
rate is dependent on the degree of mineralization of bone (Boivin G et al., 2000;
Boivin G et al, 2002). This proposal is factual in our studies because the bone
remodeling was earlier in HASi+C and HASi+CP groups, where the mineralization

was also far in advance.
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HASIi-2MC

HASi+C-2MC HASI+C-2C
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HASi+12MC HASiI+12C

Figure 5.24. Micro-computed tomographs showing new bone formation and its
mineralization in segmental defect. 2 months and 12 months post-implantation. The
frontal side (towards the medullary canal) (MC) and the back side (towards the cortical
region) (C) is represented here.




5.3.2.8 Characterization of HASI post implantation

All the studies demonstrated a progressive degradation of HASI from the defect site.
So it is necessary to characterize the material in order to know the fate of matenal
after implantation. The material that remained in the mid region of defect site in bare
HASI groups at 2 months was collected and analyzed for XRD and FTIR.

5.3.2.8.1 X-ray diffraction technique

XRD revealed that the major phase of material that remained in the defect site was
HA. Moreover, there were no peaks for calcium silicate and TCP, which were present
in raw HASi. The XRD spectra were broad and less intense when compared to raw
HASI, related to less crystallinity of the material (Fig. 5.25).
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Figure 5.25. X-ray diffraction pattern of HASI remained in the defect site 2 months post-

implantation (a) Raw HASi (before implantation) (b) HASI 2 months post-implantation.
* shows calcium silicate and » shows TCP phase.

5.3.2.8.2 Fourier Transform Infrared spectroscopy

FTIR spectra showed the characteristic OH’ band at 3570 cm™ and PO,* bands at
1051 cm™ and 961 cm™, confirming that the material remained in the defect site was
HA. The intensity of phosphate peak at 961 cm™ was comparatively less than raw
HASI. In addition, a peak associated with CO,* vibration mode (1652 cm™ and 871
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cm’') appeared, which was not present in raw HASI (Fig. 5.26).
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Figure 5.26. Fourier Transform Infrared spectra of HASI remained at the defect site 2
months post-implantation. a) Raw HASI (before implantation) (b) HASi 2 months post-
implantation.

These studies depicted that TCP and calcium silicate present in the outer coating
layer of raw HASi disappeared and the material remained in the defect site is a
carbonate substituted HA. The carbonate groups may have substituted at the site of
phosphate groups of raw HAS, which can be correlated with less intense phosphate
band (961 cm™") following implantation. It is reported that the bone mineral exhibits
calcium, phosphate and hydroxyl deficiency, internal crystal disorder and contains
various cationic and anionic constituents, principally carbonate (up to 8 wt%) making
it more like an A-B type carbonate-substituted apatite (Boskey A et al., 2007; Elliot
JC 1994). XRD showed a transient amorphous phase that seems to be an essential
step because the formation of calcium apatite in bone is preceded by a transient
amorphous phase (Pek'ounov Y et al., 2008). Thus it is interpreted that the physico-
chemical characteristics of HASi is changing slowly following implantation, making it
more similar to bone apatite.
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5.3.2.9 Distribution of Si in principal organs

Besides the positive impact, the inflammatory and fibrogenic potential of Si followed
by exposure at high dose has been reported in rat lungs (Lemaire | et al., 1989). So
the accumulation of Si, if any, in different organs of the body like kidney, heart, lymph
node, liver, spleen and lung was determined by ICP analysis (Fig. 5.27). All these
organs showed ppm levels of Si at 2 months, except heart whose level was too low
to be detected. At 4 and 6 months, the level of Si in kidney and lungs was too low to
detect. ICP analysis confirmed that Si has not accumulated anywhere in the body,
which may be excreted as metabolic waste. Si was found to leave the body primarily
through the urine at an average rate of 1.8 mg / day (Lai W et al., 2005).
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Figure 5.27. Inductively coupled plasma spectroscopic analysis of the distribution of Si
in different organs of goat model.

All our orthotopic experiments revealed that HASI is osteoconductive,
osteointegrative and degradative in nature during the repair of segmental defect in
the femur of goat model and the process was enhanced with the supplementation of
gOS+ cells and PRP. HASI was replaced by natural bone during the course of the
implantation period which may be owed to its (1) highly interconnected porous
structure and (2) chemical composition (silica).

Generally, biomaterials having pore size above 100 pm are required for bone repair
that facilitate the ingrowth of cells and blood capillaries (Hench LL et al., 1993).
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Pioneering studies showed that pore size less than 15 — 50 ym result in fibrovascular
ingrowth, pore size of 50 -150 um encourage osteoid formation and pore size greater
than 150 pym encourage the ingrowth of mineralized bone (Petite H et al., 2000). To
be specific, better bone ingrowth (osteoconduction) was observed in bioceramics
with larger pore size ranging between 200 pm and 400 ym in diameter as a result
blood vessel formation (Hiu-Yan Y et al,, 2005). The bone regeneration study in
segmental defect in rat femur showed that polycaprolactone-TCP scaffolds with a
pore size of 400 — 600 uym and porosity of 70% allowed the infiltration of blood
vessels and new bone formation deep within and on the outer surface of the material
(Rai B et al., 2007). The pore interconnectivity is another important criterion that can
offer intercellular communication among osteogenic cells inside the bioceramics by
improving the fluid flow and nutrient supply (Bignon A et al., 2003). In addition, the
porous material improves mechanical interlocking between the implant and the
surrounding natural bone (bone ingrowth), thereby providing greater mechanical
stability at the critical interface (Karageorgiou V et al, 2005). The highly
interconnected porous structure (50 - 500 um) of HASI is a positive factor that permit
the ingrowth of cells and blood vessels, leading to enhanced bone regeneration.
Apart from porosity, the chemical composition of materials, particularly the presence
of silica, has a beneficial role to enhance the bone repair (Hing K et al., 2006). It
plays a critical role in the development and structural integrity of connective tissue
(Seaborn CD et al., 2002). The role of silica has been implicated in the hydroxylation
of proline intracellularily during collagen synthesis, in forming cross links at
hydroxylysine / lysine sites (Reiser KM et al, 1986) and in stabilizing the

glycosaminoglycan network (Schwarz K 1973).

The second focus of our study was related to the degradation of HASI with time.
Generally the mechanism of bioceramic degradation is known to involve two kinds of
processes: solution-mediated degradation and cell-mediated degradation (Jarcho M
1981) and whatever the mechanism, appropriate porosity and chemical composition
of the material has an important role. It is reported that the rate of degradation
depends on implant microporosity (de Groot 1980). The dense material without
macro or micro pores rarely showed any degradation (Kotani S et al., 1991). In
addition to porosity, the silica content of HASi has also played a major role to
undergo degradation (Hing KA et al., 2005). The osteoclast response to carbonate-

157



substituted and stoichiometric HA demonstrated that the osteoclast attachment and
activity were sensitive to surface energy (Redey SA et al., 1999). Measurement of
the point of zero charge (PZC) and zeta potential have shown that the surface
charge on silicate-substituted apatite was more electronegative than stoichiometric
HA with its near neutral PZC of 7.3 + 0.1 (Harding IS et al., 2005; Botelho CM et al.,
2002), which is responsible for increased osteoclast activity when exposed to silica-
based biomaterials. In vitro experiments with aqueous Si derived from Si-TCP
materials showed a dose dependent effect of Si on osteoblast and osteoclast cells
(Pietak AM et al., 2007). Another study reported that the progressive resorption of
silicon-stabilized TCP ceramics was mediated through phagocytosis by

macrophages and osteoclast activity (Mastrogiacomo M et al., 2006a).

The process of bone formation, mineralisation and material degradation was
enhanced and faster in HASi+C and HASIi+CP groups due to the promotive effect of
osteoconductive and osteoinductive stimuli The performance of three groups in
terms of new bone formation and material degradation, particularly in the mid region

of the defect can be compared as:

At 2 months, cellular ingrowth + bulk of material in bare HASi groups = mineralized
woven bone + few remnants of material in HASi+C groups = mineralized woven

bone + few remnants of material in HASi+CP groups.

At 4 months, mineralized woven bone in bare HASi groups + few remnants of
material = mineralized lamellar bone + very few remnants of material in HASi+C
groups = mineralized lamellar bone + very few remnants of material in HASi+CP

groups

Thus what ever the qualities that have attained in tissue-engineered groups at 2

months was achievable only at 4 months in bare HASi groups.

Previous studies demonstrated that the application of MSCs combined with synthetic
materials allowed complete closure of defect and stimulated the vascularisation
process when compared to material alone (Schantz JT et al., 2003; Bruder SP et al.,
1998b; Zhu L et al., 2006). The outcome in these studies was better because
culturing of OS+ cells on the scaffold prior to implantation minimize the necessity for

the migration and expansion of indigenous osteoprogenitors. The cells could
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efficiently proliferate and produce their own matrix on the scaffold that can decrease
the in situ interval between implantation and their biosynthetic activity. These cells
can also secrete inductive factors that recruit new MSCs into osteogenic lineage and
produce mature bone matrix quickly (Xie H et al., 2007). Moreover, these cells are
the targets for endogenous osteoinductive molecules such as BMPs, which are
released during normal bone healing. Thus the combined contributions of cells on
the scaffolds and host-derived MSCs and biomolecules can advance osteogenesis in
the defect site. Goshima J et al., (1991b) reported that the bone formation in ceramic
grafts is a biphasic phenomenon with the initial bone formation being of “donor
origin”. When this donor-derived bone has partially filled the pores of the ceramics,
host-derived cells begin remodeling the donor bone, thus beginning the second

phase or “host-derived” bone formation.

Many studies demonstrated that the formation of bone is directly related to the
number of BMSCs seeded on the scaffold. Bruder et al., 1998 suggested that
excessively high concentrations of BMSCs are disadvantageous in their adherence
to scaffold. Herein, 1 x 10° cells / cm? of scaffold was chosen as the seeding
concentration and our in vitro studies proved that the cells spread and deposit ECM
in this concentration. Apart from cell number, the in vitro culture period of tissue-
engineered constructs also influences their ability to regenerate bone when
implanted in segmental defects. One study reported that sintered titanium fiber
meshes seeded with cells that have been cultured in osteogenic media for 4 days
revealed the highest bone formation when implanted in cranial defect of Fisher rats
and lowest bone formation was obtained when it was cultured for 16 days in vitro
(Castano-lzquierdo H et al., 2007). In this study, we have cultured gOS+ cells on

HAS: for 7 days, which was able to enhance bone formation in segmental defect.

A problem encountered while using tissue-engineered constructs for large segmental
defects is the impaired cell survival following implantation (Rose FR et al., 2002) and
the potential reason is delayed revascularization (Kruyt MC et al., 2003). The
acceptable distance for diffusion of oxygen and nutrients, which is indispensable for
cell survival and maintenance of their biological functions, is limited to a depth of 300
pum (Kruyt MC et al., 2004a; Kruyt MC et al., 2004b; Muschler GF et al., 2004). The
large size of clinically applied bone grafts exceeds this size (300 um), result in

hypoxia. Herein, the faster and superior performance with tissue-engineered groups
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demonstrated that OS+ cells cultured on HASi have survived satisfactorily on these
scaffolds and contributed towards new bone formation.

Similar to bone regeneration, the material resorption was also superior in HASi+C
and HASi+CP groups, mainly mediated through osteoclast cells. Several hypothesis
can be proposed to exploit the role of OS+ cells in facilitating the degradation of
material. One suggestion is that these cells may stimulate host-derived cells by
expressing or releasing biological factors. For example, osteoblasts express a
membrane-associated factor called receptor activator of nuclear factor-kB ligand
(RANKL), which binds to RANK, a receptor located on osteoclast membrane. The
interaction of RANKL-RANK initiates a cascade of events resulting in the activation
and differentiation of osteoclast cells (Katagiri T et al., 2002).

Second hypothesis is that OS+ cells cultured on HASi create an ECM that can favor
the successive migration of osteoclasts. Among many ECM proteins, osteopontin
has an important role in promoting the adhesion of osteoclasts to the scaffold surface
through their arginine-glycine-aspartic acid sequence (Mastrogiacomo M et al,
2006a). Osteopontin is an acidic protein, which exhibits several conserved elements
including a stretch of 7 to 9 Asp or Glu residues that represent calcium or HA binding
site and RGD cell adhesion site (Gilbert M et al., 2000). Our in vitro studies with RT-
PCR and flow cytometry showed that the expression of osteopontin was significantly
enhanced on HASi than HA. Thus the combined effects of the characteristics of
material (porosity and silica content) and the ability of OS+ cells to attract osteoclasts
have improved cell-mediated resorption in HASi+C and HASi+CP groups.

Quantitatively, there were no significant difference between HASi+C and HASIi+CP
groups in bone regeneration and material degradation. Still, HASi+CP groups
showed a slightly better and quicker response where the delivery of PRP to the
defect site could release numerous growth factors into the immediate local
environment. The life span of a platelet and the period of direct influence of its
growth factors are less than 5 days in an in vivo situation (Marx RE et al., 1998).
After the initial burst of growth factors, these platelets synthesize and secrete
additional growth factors for the remaining days of their life span to stimulate the

proliferation and differentiation of stem cells in the defect site.
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An important parameter for the performance of PRP is the method of its preparation,
since this can significantly influence the concentration of platelets and growth factors
and consequently their osteogenic capacity (Weibrich G et al., 2003). A platelet
count of 1000 x 10° / mL measured in a volume of 5 mL plasma is considered as the
“therapeutic dose” of PRP (Landesberg R et al., 2000; van den Dolder J et al., 2006).
Platelet concentration of less than 1000 x 10° / mL were not reliable to enhance
wound healing, whereas higher concentrations also did not show any further
enhancement of wound healing (Marx RE et al., 2001). In this study, about 9 mL of
PRP having a count of 600 x10° / mL platelets was added so that a therapeutic dose
(5400 x 10°/9 mL) can be expected at the defect site

Some reports showed that PRP did not influence bone healing (Choi BH et al., 2004;
Roldan JC et al., 2004; Mooren RE et al., 2007). In general, it is said that PRP does
not have any strong osteogenic effect so that filling a defect with PRP alone will not
allow osteogenesis to occur. At the same time, PRP has an osseopromotive effect
and can enhance bone regeneration in the presence of osteogenic precursor cells by
encouraging their proliferation and differentiation (Schlegel KA et al., 2004).
Additionally, MSCs associated with PRP are potent angiogenic inducers proven to
release VEGF leading to faster bone regeneration and remodeling (Yamada Y et al.,
2004; Lucarelli E et al, 2005). Kitoh et al, (2004 and 2007) observed that
transplantation of bone marrow cells and PRP shortened treatment period and
reduced associated complications by accelerating new bone formation in distraction
osteogeneis. Reducing the time needed for optimal bone and Asoft tissue
regeneration will have major impact since it reduce treatment time and costs,

accelerate patient’s recovery time-period and improve patient’s life quality.

Generally PRP is applied as gel by combining with calcium chloride and bovine
thrombin. Recently some studies have reported the negative effect of PRP gel when
compared to PRP liquid. An explanation projected is that PRP gel has a viscous jelly-
like consistency, which can result in additional pressure on the drill walls of already
tightly fitted implant. This might cause an additional trauma during its installation and
as a result, the healing process at bone-implant interface might become disturbed
(Nikolidakis D et al., 2006). Significantly more interfacial bone-to-implant contact was
attained while using PRP in liquid form than in the form of gels (Nikolidakis D et al.,
2006). A study by Zechner et al., in 2003 in a mini pig model failed to show any
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statistically significant effect of PRP gel on peri-implant bone formation after 6 weeks
healing period. In another study, Weibrich et al., (2004) analyzed the influence of
PRP gel on bone regeneration around self tapping titanium screw implants inserted
in the femoral bone of rabbits. After 4 weeks healing period, no advantageous effect
on bone-implant contact rate was seen. Based on these reports and in vitro studies
with PRP (HASI can activate platelets in the absence of triggering agents), herein we
have focused on the delivery of PRP liquid rather than going for PRP gel with

calcium chloride and thrombin.

It is difficult to compare the results that we have obtained with previous results
particularly, the rate of bone formation and material degradation and the time
required for the healing of bone. This is because the results may vary significantly
with respect to animal model (dog, sheep, goaf); treated bone (femur, tibia,
mandible); chemical composition; geometry and resorbability of the biomaterial used.
Therefore herein, a comparison was made with the current treatment methods for the
repair of segmental defect like distraction osteogenesis and autograft (DeCoster TA
et al., 2004). In distraction osteogenesis, after a 5 days latent period, the segment
produced by osteotomy of the metaphysis can be transported approximately 1 mm
per day to eliminate the diaphyseal segmental bone defect. Two to three days of
consolidation are required for each day of distraction. Thus for a 2 cm segmental
defect, approximately 65 — 70 days (two and half months) are required to achieve
union as per theoretical calculation. Similarly with autograft, approximately 1.5
months are needed for every centimeter of defect in addition to the usual time for the
fracture to heal (about 1.6 months). Thus about 3 months are needed for the
treatment of a 2 cm segmental defect. Based on these, it can be concluded that
repairing segmental defect with HASi+C and HASi+CP was superior (union and bone
regeneration achieved in 2 months) to the treatment offered by distraction
osteogenesis and autografts. The performance of bare HASi groups was little bit
slower (union achieved in 2 months, but complete bone regeneration at 4 months)

when compared to these treatment methods.
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CHAPTER 6

SUMMARY AND CONCLUSION

6.1 Restatement of the problem

The segmental bone defect caused by tumor resection, trauma and skeletal
abnormalities like osteomyelitis is still a major problem in orthopaedics due to the
lack of predictability in attaining functional bone after the treatment (Ip WY 2002).
Autografts, either vascularised or nonvascularised is the preferred treatment
approach, but is related with complications such as infections or nonunion, especially
in larger shaft reconstructions. Furthermore, harvesting of healthy tissue can result in
donor site morbidity. Allografts as the second option face problems like disease
transmission and graft immune rejection. Distraction osteogenesis or bone
transportation method relies on the bone regeneration potential, thus avoiding
concerns related to graft integration, but it is often associated with problems like high
chance of traction injury to nerves and soft tissues and long term hospitalization
(Green SA et al., 1992).

An ideal bone substitute would approximate an autograft, in being biocompatible;
osteoconductive; osteogenic and osteoinductive, to enhance bone repair. Bone
tissue engineering has the potential to become an alternative to autografts, which
involves the association of cells or growth factors with a natural or synthetic porous
biomaterial (scaffold) to produce a three-dimensional living, implantable construct
(Langer R et al., 1993). The selection of the biomaterial component is a critical step
that determines the ultimate success of the engineered graft. The scaffold must
provide an appropriate environment (porosity, chemical composition, surface
topography, degradation etc.) for the attachment, proliferation and function of cells. It
should have an appropriate interconnected pore network to facilitate the ingrowth of
vascular tissue that nourishes the cells implanted within the tissue-engineered

construct or that invaded from local host environment. Finally it should be
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biodegradable and tissue regeneration should be in par with material degradation
(Ishaug SL et al., 1997).

Bioactive calcium-phosphate ceramics have proven to be of great interest in bone
tissue engineering applications because of their osteoconductivity and the ability to
integrate with bone tissue. Among these, HA has shown the most promising results
due to their osteoconductive properties, unlimited availability and absence of immune
response. However, low degradation rate of HA may prevent the proper remodeling
of newly formed bone, resulting in significant reduction in its strength. One promising
way to cope with this problem is to modify the chemical composition of HA. The
incorporation of silicate ions into phase pure HA has been shown to have the
potential to increase the rate of bone apposition and material degradation
(Mastrogiacomo M et al., 2007). In addition, a link between Si and connective tissue
health has been proposed, suggesting a manifold role of Si in bone healing through
direct physiological action on vascularisation, bone metabolism, and bone quality
(matrix organization and mineralization) (Hing KA et al, 2006). Thus it was
hypothesized that the combination of silica and HA may enhance the bone ingrowth
within the scaffold in par with material degradation.

As classified, the first approach of tissue engineering is to repair bone defects using
osteoconductive scaffolds alone. But this grafting procedure remains a challenge in
the treatment of large bone defects where the bone regeneration depends solely on
the migration and proliferation of indigenous cells into the scaffold. A second
approach is to culture osteogenic cells on the scaffold in vitro so that a living
construct with cellular ingrowth and ECM can be implanted. There are such reports
of a number of cell sources potentially suitable for bone repair in association with
porous ceramics scaffolds (Maniatopoulos C et al.,1988; Bruder SP et al., 1998a).
The most desirable source would be to obtain osteoblast precursor cells or MSCs
from bone marrow. BMSCs grown in vitro are capable of self-renewal for many
passages without any significant loss of their characteristics (Pittenger MF et al.,
1999). They can be induced to differentiate into osteoblasts by providing biochemical
supplements (dexamethasone, L-ascorbic acid and B glycerophosphate) in defined
concentrations in their external milieu (Jaiswal N et al., 1997). If these cells are of

autogenous origin, there would be no risk of immune rejection or pathogen transfer.
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The third approach in tissue engineering is the sustained delivery of multiple growth
factors, which closely mimics the natural regenerative processes. PRP serves as a
potential source of growth factors like PDGF, TGF-B, IGF, VEGF etc. Activation of
platelets will result in the release of these factors into the immediate local
environment and has favourable effect on bone healing. Several studies highlight the
merits of the use of PRP in vascularisation, safety and cost effectiveness.
Furthermore, PRP can easily be obtained on the day of surgery by a simple
centrifugation method from autogenous blood (Anitua E et al., 2007).

The objective of this study was to propose é novel 3D biomaterial for the repair of
segmental defects. An indigenous porous bioactive ceramic, silica coated HA (HASI)
was selected and characterized as the material of choice. Tissue-engineered
constructs were fabricated using these materials in combination with BMSCs / OS+
cells and PRP. The focus was on assuring the cytocompatibility and functionality of
cells on the materials in vitro followed by their ability to facilitate vascularisation,

osteoconduction, osteoinduction and osteointegration in vivo.

6.2 Description of procedures

The whole study was divided into three phases.

The objective of first phase was to evaluate the physicochemical characteristics of
bioactive ceramics like Hydroxyapatite (HA) and Triphasic ceramic coated
hydroxyapatite (HASI), which was gifted by Bioceramics Laboratory, SCTIMST. HA
powder was synthesized by wet precipitation method, mixed with binder and sintered
at high temperature to get porous ceramics. For synthesizing HASi, HA blocks
prepared by the above process were dipped in silica sol for 1 min (sol gel method)
and sintered at 1200°C. The coating of silica (15 - 17 mass%) over HA was
confirmed by ESEM-EDS. The phase composition and functional groups on the
materials were determined by XRD and FT-IR respectively. The porosity of HA and
HASIi was assessed by SEM and mercury intrusion technique. The compressive
strength of the materials was evaluated by Universal testing machine. The
degradation of HA and HASi was determined in vitro as per ISO standard 10993 —
13. For this, the materials were immersed in PBS for 60 days and analyzed for any
change in phase composition and functional groups. The cytotoxicity and

cytocompatibility of HA and HASi was assessed using L9239 mouse fibroblast cell
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lines and HOS cell lines respectively.

The objective of second phase was to evalute tissue-engineered constructs in vitro -
platelet-rich plasma / fibrin glue coated and uncoated bioactive ceramics in
conjunction with BMSCs. HA and HASi were polished in the form of discs of 5 mm
diameter and 5 mm thickness for fabricating tissue-engineered constructs in vitro. In
the first part of experiments, BMSCs and OS+ cells of goat and human origin were
cultured separately on HA and HASI. In the second part of experiments, HA and
HASI was coated with PRP and FG separately and cultured with gOS+ cells. The
mesenchymal origin of stem cells isolated from bone marrow was determined
through markers like vimentin, CD34, CD44 and also through their ability to
differentiate into osteoblasts. The proliferation (frypan blue staining) and osteogenic
differentiation (ALP activity) potential of gBMSCs in different passages were studied
in order to choose suitable cells for tissue-engineered constructs. The cellular
responses in these constructs (PRP / FG coated and uncoated HA and HASI) were
evaluated in terms of adhesion (SEM); viability (acridine orange / ethidium bromide
staining by cLSM and flow cytometry and by LDH assay); proliferation (PCNA
staining by flow cytometry and picogreen assay); morphology (SEM); in depth
migration of cells towards the centre of the materials (Stevenal’s blue / van Gieson’s
picrofuchsin staining; and acridine orange / ethidium bromide staining by cLSM); Cell
cycle analysis (propidium iodide staining by flow cytometry) and differentiation of
BMSCs into osteogenic lineage (ALP activity — biochemical assay and ELF-97
staining by cLSM; osteocalcin measurement — ELISA; expression of osteopontin by
flow cytometry and cLSM; real-time PCR -analysis of the expression of ALP,

osteopontin, osteocalcin, bone sialoprotein I1).

The objective of third phase was to evaluate tissue-engineered bioactive ceramics in
vivo - extraskeletal and orthotopic implantation. Care and management of animals
were conducted as per the guidelines of IAEC and CPCSEA. In the first part of
experiments, the tissue-engineered constructs in comparison with bare materials
(without cells) were validated at an extraskeletal site (muscle) in rat model. The
tissue-engineered constructs were fabricated‘ by culturing rBMSCs and rOS+ cells
separately on HA and HAS:I for 7 days. Twenty four wistar rats with an average body
weight of 200 — 300g with one defect per leg were divided into six groups for
implantation (Group |: bare HASI; Group Il: rBMSCs cultured HASi; Group lll: rOS+
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cells cultured HASI; Group 1V: bare HA; Group V: rBMSCs cultured HA; Group VI:
rOS+ cells cultured HA, which were implanted deep into the muscle. The neo-
vascularisation (Group |, lll, IV and VI) after two and four weeks of implantation was
determined through H & E staining. The neo-osteogenesis after four weeks of
implantation (six groups) was evaluated through histology (Stevenal’s blue and van
Gieson'’s picrofuchsin staining); histomorphometry (Quips programme of Leica DM
6000); ALP activity. (EL-97 staining by fluorescent microscopy) and mineralization

studies (density distribution graph of micro-CT).

In the second part of experiments, the progress of bone regeneration and material
resorption in segmental defects (2 cm) created in the femur of goat model was
validated using tissue-engineered constructs in comparison with bare materials
(without cells or PRP). Eighteen adulit goats with an average body weight of 20 — 30
kg with one defect per animal were divided into three groups for implantation. Group
I: Bare HASi (HASi group); Group Il: gOS+ cells cultured HASi (HASi+C group);
Group lll: gOS+ cells cultured HASI together with the delivery of PRP to the defect
site (HASi+CP groups). Three groups were compared at 2 and 4 months, while the
performance of bare HASI groups was evaluated for 6 and 12 months. The retrieved
tissues were assessed through gross view (Nikon D70S); radiography (image
intensifier); histology (Stevenal's blue and van Gieson’s picrofuchsin staining);
morphology (SEM) and histomorphometry. The serum was separated from the blood
of post-implanted goats and measured for ALP activity and TRAP activity. The
mineralization of newly formed bone was confirmed through EDS, CT and micro-CT.
The phase composition and functional groups of 2 months post-implanted HASi was
analyzed by XRD and FT-IR respectively. The accumulation of Si in different organs
of the implanted goats (kidney, lymph node, liver, heart, spleen and lungs) was
determined through ICP analysis.

6.3 Major Findings

HASI was synthesized with the hypothesis that the main core of material remains as
HA while silicon ions will incorporate only as an outer coating layer so that the dual
properties of HA (osteoconduction, osteointegration) and silica (osteoconduction,
osteointegration and degradation) can be utilized in one product. As per the

hypothesis, the core of HASi was polycrystalline while the outer coated layer was
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porous and less crystalline due to Si rich liquid phase formation. SiO, (15-17 mass%)
was restricted on the surface as a coating layer and has not penetrated into the core
of HASi. The only phase of HA was hydroxyapatite while in HASi, apart from
hydroxyapatite as the main or core phase, the outer coated layer showed peaks for
calcium silicate and TCP phases. SEM and mercury intrusion technique depicted the
interconnected porous nature of HA and HASi and pore size in the range of 50 — 500
pm. HASi was degradative when compared to HA when immersed in PBS for 60
days. With cell lines after 48 h in culture, HA and HASi proved to be non-cytotoxic
and cytocompatible.

The stem cells isolated from the bone marrow of goat model were of mesenchymal
origin and have the ability to differentiate into osteoblasts by providing osteogenic
supplements. The proliferation and osteogenic differentiation potential of gBMSCs
from passages 2 to 5 was almost similar and selected for further tissue engineering
applications. Studies with HA and HASi in combination with goat / human BMSCs
and OS+ cells depicted HASI as a better substrate than HA for enhancing cellular
activities, with their first choice for OS+ cells than BMSCs. HASi was capable of
inducing cell proliferation while undergoing osteogenic maturation and mineralization,
but on HA, the cell proliferation declined as the cells enter into differentiation lineage.
Studies with PRP showed that HA and HASi can activate platelets with out the
addition of any triggering factors. When HA and HASi was coated with PRP or FG,
the cellular viability, growth and spreading was improved. The viability and
proliferation of gOS+ cells on uncoated HASi was significantly greater than PRP and
FG coated HA at a later culture period of day 21 and 28. Cell cycle studies showed
that the cells in replicative phase were more and the cells in apoptotic phase were
less on PRP / FG coated materials. The osteopontin and osteocalcin expression was
significantly enhanced on PRP and FG coated HA and HASI, but PRP had neither
effect on ALP expression nor ALP activity. In all the studies, HASi was better than
HA both in uncoated and PRP / FG coated groups and the best performance was
displayed by FG coated HASI. Eventhough the signal generated by FG was more
encouraging to cells than PRP, a few attractive features like ease of availability and

cost effectiveness prompted the use of PRP for orthotopic implantation studies.

H & E staining depicted neo-vascularisation in muscle implanted with bare HA and

HASi and the process was improved when rOS+ cells cultured materials were
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implanted. The neo-vascularisation was significantly enhanced in bare and tissue-
engineered HASI groups as compared to HA. In addition, rOS+ cells cultured HASI
could induce the bone formation in muscle while on HA, the osteoblast-like cells
were seen within and around the pore of materials without depositing much osteoid
matrix. Since osteoinductive property was shown only by HASi cultured with OS+
cells group, further orthotopic implantation studies were done only with HASI groups.

Orthotopic implantation studies showed that HASi was able to regenerate bone in
segmental defect in the femur of goat model and has undergone degradation. The
process was enhanced in combination with cells and PRP. The new bone formation,
organization and mineralisation was similar and advanced in the peripheral region of
defect in all the three groups. However in the mid region of defect, the new bone
formation and mineralisation was faster and enhanced in HASi+C and HASi+CP
groups than bare HASi groups and best performance was shown by HASi+CP
groups. Si has not accumulated in the principal organs of goat model. HASIi was
degradative in nature, mainly through cell-mediated mechanism, which was apparent
and superior in HASi+C and HASi+CP groups.

6.4 Conclusions

v" The coating of silica over HA is noteworthy in facilitating solution-mediated

degradation of HASi when compared to HA.

v The growth and osteogenic differentiation potential of gBMSCs decreased
after passage 5, signifying the importance of the selection of cells in correct

passage for bone tissue engineering applications.

v The cellular activities (rat, goat and human cells), mainly OS+ cells, were
significantly enhanced on HASi than HA, showing the influence of surface

chemistry on osteoblast behaviour.

v" The interconnected porous structure and chemical composition of HASi was
suitable in facilitating the migration and distribution of cells towards the
internal voids of material, which is a major limitation in many static culture

systems.
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The ability of HASI to maintain cell proliferation and osteogenic differentiation
in a parallel relationship indicate that the ultimate fortune of cells is

determined by the respective matrix / substratum.

The response of goat and human cells in terms of viability, morphology and
proliferation was almost same on HA and HASI, implying the comparability

between these two species for in vivo studies.

The coating of PRP and FG on HA and HASI have significant positive effects
on the performance of gOS+ cells, suggesting the possibility of using these

combination products in bone tissue engineering applications.

Bare HASI and Tissue-engineered HASi (with OS+ cells) could augment neo-
vascularisation at an extraskeletal site in rat model as compared to HA. This
indicate that the chemical composition and the internal porous architecture of

HAS:I is favourable for the ingrowth of blood vesseis.

Tissue-engineered HASI (with OS+ cells) could induce bone formation at an
extra skeletal site in rat model. The osteoinductive property has much

relevance for augumenting the healing of large defects.

HASI was able to regenerate and remodel bone in segmental defect (2 cm) in
the femur of goat model without fibrous tissue formation and inflammation,

owing to its osteoconductive and osteointegrative nature.

The process of bone regeneration in segmental defect was faster and
superior in tissue-engineered HASi groups (with OS+ cells and PRP).
Reducing the time needed for bone regeneration and remodeling will have
major impact since it reduce treatment time and costs and accelerate

patient’s quality of life, particularly geriatric patients.

The delivery of PRP liquid directly to segemental defect site (without the
addition of any triggering agents) could enhance healing in segmental defect,

giving a hope for simulating similar simple procedures on clinical bed.

An ideal material should have a proper balance between bone formation and

degradability and at the same time remaining osteoconductive. As per the
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rule, HASi degraded progressively at a rate proportionate with the formation
of new bone, mainly through osteoclast-mediated mechanism. The process of

degradation was advanced and faster in tissue-engineered groups.

6.5 Tissue-engineering approach in clinical practice — Case studies

The repair of massive bone defects in humans (4-8 cm) by means of implantation of
a porous ceramic scaffold seeded with in vitro expanded autologous BMSCs has
been reported (Quarto R et al., 2001; Marcacci M et al., 2007). Four patients with
age ranging from 16 to 41 years were selected for this treatment after the failure of
conventional surgical therapies. Complete fusion between the implant and the host
bone occurred 5 — 7 months after surgery. A good integration of the implants was
verified at the latest follow-up, which happened 6-7 years post surgery for two of the

patients.

Distraction osteogenésis with contemporary transplantation of autologous BMSCs
and PRP were performed in three femora and two tibia-of two patients suffering from
achondroplasia and one patient with congenital pseudoarthrosis of the tibia (Kitoh H
et al., 2004). Autologous cells and PRP were injected into the distracted callus.
However, the contribution of the injected cells to the bone formation was difficult to

evaluate due to the lack of a control group of patients (without cells / PRP injection).

The treatment of benign bone tumors in three patients using tissue-engineered HA
ceramic scaffold has been reported (Morishita T et al., 2006). In vitro expanded
BMSCs obtained from each patient’'s bone marrow were induced to differentiate into
osteoblasts and to secrete bone matrix on HA ceramic scaffolds. Immediate healing

potential was found with no adverse reactions.

Gronthos S (2004) reported the reconstruction of a human mandible by bone-
muscle-flap in vivo prefabrication technique in a 56 year old patient. A titanium mesh
was chosen as the external scaffold, which was loaded with HA blocks coated with
recombinant BMP-7 and BMSCs. The patient served as his own bioreactor as the
scaffold was implanted into his latissimus dorsi muscle to allow for the growth of
heterotopic bone and ingrowth of vessel from the thoracodorsal artery. After 7

weeks, the mandible replacement was transplanted along with the adjacent vessel
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pedicle, into the mandibular defect. During the first 6 months, the patient reported a
continuous improvement both in the quality of life and in self-confidence. Between 7
and 13 months, a fracture of the external titanium mesh scaffold, the patient’s bad
habits such as drinking and active smoking and a partial infection of the regenerated
bone with oral flora partially compromised the initial good clinical results.
Unfortunately, the patient died by a cardiac arrest 15 months after implantation of the

mandible replacement.

The tissue-engineering approach in clinical cases showed successful outcome where
it has been attempted (Cancedda R et al., 2007). These studies established that
even though a staggering array of biomaterials portrayed as “ideal” scaffolds in pre-
clinical studies in the past 10 years, very few have reached clinical usefulness.
Regardless of the source or type of biomaterials, i.e. natural or synthetic, they have
to be biocompatible, ideally osteoinductive, osteoconductive and osteointegrative.
These materials must provide cell anchorage sites, mechanical stability and
structural guidance within an in vivo milieu; provide the interface to respond to
physiological and biological changes and to remodel the ECM in order to integrate
with the surrounding native tissues. In this study, we have successfully demonstrated
that HASI can fulfill many of these requirements of prospective candidates for bone
tissue engineering applications. However the ultimate success of any biomaterial can
be judged only from the final good clinical results. In this context, the feasibility of
tissue-engineered HASi will be investigated in ‘Clinical Translational’ studies in

future.
6.6 Future investigations

Bone tissue engineering has the potential to become a real alternative to autologous
bone grafts. But before this could be approved as a standard treatment, it is a dire

necessity to solve many of the associated problems, which includes:

% With regard to the in vitro expansion of cells, the introduction of serum free
media will certainly represent a big advantage over the potential risk of viral

or bacterial infections associated with the use of fetal bovine serum.

< BMSCs can escape immuno rejection after their incorporation within the

implant. But these immuno-modulatory properties are lost upon their
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differentiation. So the dream of all orthopaedic surgeons is a cell product

ready “off the shelf” to be used for bone regeneration in all patients.

Several approaches to improve the oxygen and nutrient supply to tissue-
engineered constructs will be further investigated. One approach is to
stimulate blood vessel growth by supplementing angiogenic growth factors or
co-culturing endothelial cells in tissue-engineered constructs. A second
method is bone muscle-flap in vivo prefabrication technique, but the method

may be uncomfortable for the patients.

An alternative direction for bone tissue engineering is not to involve pre-
operative use of stem cells and / or angiogenic factors, but uses appropriate

scaffolds that attract and stimulate patient’'s own stem cells post-implantation.

Biological issues specific to the person undergoing the reconstruction play a
part in the success of bone regeneration. Host comorbidities such as
diabetes, inflammatory arthritis or the presence of infection may have an
effect on the process of incorporating the bone graft. So the bone
regenerations studies in diseased models are critical which needs

surveillance and understanding.

Medical Regulatory laws for the application of tissue-engineered products in

clinical situations must be implemented.
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ANNEXURE - |

List of Buffers

1. Water for tissue culture
Tap water distilled three times, deionised by passing through Millipore water

purifying system, autoclaved and used.

2. Phosphate buffered saline (pH 7.4)

NaCl - 150 mM
KH,PO, - 1.5 mM
Na,HPO, - 10 mM
Distilled water - 250 ml

3. Alkaline phosphatase buffer {pH 9.8)

Diethanol amine - 0.1 M
Triton X-100 - 1%
MgCl, - 1mM
Distilled water - 100 mi

4. Alkaline phosphatase substrate
Mix 20 mg 4-paranitrophenyl phosphate (Sigma chemicals) with 20 mL ALP
substrate buffer for ALP activity assays.

5. Tris-EDTA buffer (pH 7.5)
Tris(hydroxymethyl)methylamine -10 mM

Ethylenediaminetetraacetic acid disodium salt (EDTA) - 1 mM

6. Sorensen phosphate buffer (pH 7.4)

NaH,P0,4 - 0.2M
NazHPO4 B 0.2M
Distilled water - 100 ml
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