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ABSTRACT

AN IN VITRO INVESTIGATION OF MC3T3-E1 OSTEOBLAST
PROLIFERATION AND DIFFERENTIATION ON HYDROXYAPATITE BASED
TISSUE-ENGINEERED SCAFFOLDS

By

Rebecca A McMullen

Calcium phosphate (CaP) bioceramics have long been used for bone applications.
The more favored and most researched of the CaP bioceramics are hydroxyapatite (HA)
and B-tricalcium phosphate (BTCP). This study details the techniques used for fabricating
dense (dS) and porous foamed (pf) HA scaffolds by uniaxial pressing and foam
processing, respectively, and the methods for evaluating MC3T3-El 'osteoblast (OB)
proliferation and differentiation on these scaffolds. Cell proliferation was observed on
both the dS and pf scaffolds over 72 hours by immunofluorescent imaging and by cell
number on dS surfaces. Both approaches demonstrated decreased proliferation on dense
HA compared to polystyrene (PS) control, which is consistent with findings that suggest
HA suppresses OB proliferation. Differentiation was identified on day 14 by the presence
of alkaline phoSphatase (AP) enzyme activity on the scaffolds. By visual observation,
more AP activity was observed on the dS scaffolds than the pf scaffolds. After sintering
the pf scaffolds, a second phase was observed along the grain boundaries. Powder x-ray
diffraction and Fourier transform infrared spectroscopy scans indicate BTCP as the
nucleated second phase. Further studies are required to understand the effects of the

nucleated BPTCP phase on the degree and timing of OB mineralization.
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confirms that there is no chemical interaction between the HA powders, the neutral KNO;

electrolyte and the H,O, foaming agent used. It also verifies the foam processing method

as a binderless fabrication method that does not yield undesirable chemical residue. Each

scan represents one scan from three independent samples scanned for each scaffold type.
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LIST OF TERMINOLOGY"®

-A-

Actin — a contractile myofibril protein that binds myosin cross bridges (a protein that
forms thick filaments in the muscle fibers) and is located in muscle filaments and
cytoskeleton microfilaments

Alkaline Phosphatase — an enzyme uses as a osteoblast differentiation marker
Angiogenesis — the formation of new blood vessels; vascularization

Aspirate — the removal of fluid by vacuum suction

-C-

Cancellous (Trabecular) Bone — the porous, spongy bone tissue

Collar — a barrier that surrounds an engineered scaffold used to ensure cellular adherence
to the scaffold surface and not the polystyrene culture well

Confluent — a condition when cells have overgrown and are running together
Cortical (Compact) Bone — dense, structural bone
Crystal Violet — an RNA stain often used to measure cell attachment and growth
Culture — the growth of living tissue cells in special medium conducive for growth
Primary culture — cells obtained by a direct transfer from a natural source
to artifical medium
Secondary culture — cells derived from a primary culture
Subculture — one derived from an existing culture
Cytotoxic — an agent that possesses a destructive behavior in certain cells

-D-

Differentiation — the development of a specialized form, character or function of a cell,
differing from the original type

DNA - deoxyribonucleic acid; a double-stranded helical structure composed of linked
genomic sequences

Dry Mass — the mass of a scaffold free of moisture
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-F-
Feed — changing old culture medium with fresh media

Foam — ceramic processing technique that uses a chemical agent to induce formation of
gas bubbles and thus resulting in a porous body

-G-

Genotoxic — an agent known to be damaging to DNA, and thus causing gene mutation or
cancer

Grain — an individual crystal found in a polycrystalline metal or ceramic

Green Compact — a weak ceramic scaffold where the ceramic particles have not been
chemical fused by heat treatment

-H-

Hemacytometer — a tool used to count cells by phase contrast microscopy
Histology — the microscopical study of tissue structure, composition and function
Histomorphology — a qualitative study of tissue shape and structure

Hoechst — a immunofluorescent DNA stain

-1-

Immunofluorescence — method that uses specific antibodies to label with a fluorescent
dye

Incubate — to place in optimal conditions for development; proper temperature and
humidity for growth

In vivo — within the living body

In vitro — an artificial environment

-L-

Lamellar Bone — normal type of adult bone organized in layered lamellae
-M-

Medium (culture medium) — a nutrient substance used for the cultivation of living cells
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Motility — the ability for cells to spontaneously move

-0-

Osseous — the nature or quality of bone; bony

Osteoblast — the bone cell associated with the production of bone
Osteoclast — the bone cell associated with the resorption of bone
Osteocyte — mature osteoblast trapped in the bone matrix

Osteogenesis — the development of bones

Osteoconductive — allows for bone ingrowth and vascularization of a graft

Osteoinductive — the ability to cause pluripotential cells from a nonosseous environment
to differentiate and form bone

-P-
Plate - to prepare a culture medium in a culture dish
Proliferation — the reproduction or multiplication of cells

Phase Diagram — a graphical reference that depicts the chemical composition under
various temperature and pressure conditions

-R-

RNA - Ribonucleic acid, single stranded nucleic acid that takes part in genetic
transcription

RTPCR - Reverse transcriptase polymerase chain reaction; technique used in sequencing
genes and making genetic copies

-S-
Saturated Mass — the mass of a saturated scaffold (with water) where excess water on the
surface has been removed by gently rolling the scaffold on a clean Kim wipe

Seed — to add cells to culture medium

Sintering — a diffusion driven process in which chemical bonds are formed between
powder aggregates, at elevated temperatures without melting

Slurry — a particle suspension in an electrolyte solution

Xix



Split — dividing the cells of a culture into additional cultures

Stain - artificially coloring a substance to aid in examination of tissues or cells by
microscopy

Sub-cloning — the development of a mutant cell arising in a cell clone

Suspended Mass — the mass of a scaffold fully saturated and suspended in water
-T-

Trafficking — the communication and the movement of cell factors within the cytosol

Trypsinize — the act of detaching cells from a substrate by an enzyme that cleaves the
peptide bonds; trypsin is such enzyme

-W-

Woven Bone — bony tissue found during embryonic development, the healing of fractures,
and in some pathological states such as hyperparathyroidism and Paget disease.

* Definitions were taken from the following sources:

1. Dorlands Illustrated Medical Dictionary 29" Edition. WB Saunders Co, Philadelphia
2000.

2. Callister WD. Materials Science and Engineering, An Introduction 4™ Edition. John
Wiley & Sons, Inc. New York 1997.

3. Luciano VS. Human Physiology, The Mechanisms of Body Function. McGraw Hill New
York. 2001

4. Merriam-Webster’s Collegiate Dictionary 10™ Edition. Merriam-Webster, Inc.
Springfield Massachusetts 2000.
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CHAPTER 1
INTRODUCTION

According to archeological findings dating as far back as the 4" and 5™ centuries
BC, ancient cultures have used materials such as ox teeth, shells, coral, ivory, wood and
metals, to replace missing bones and teeth.! Today, technological advancements in
materials research have opened the door to new possibilities for bone repair and
replacement. These materials include metals, polymers, corals, calcium phosphates (CaP)
of natural and synthetic origin, bioactive glasses, and composite materials.! Although
some of these materials are commercially available for the use in fixation devices, total
joint replacements, dental implants and maxillofacial reconstruction, they are not ideal,

and are often associated with bone morbidity and fibrous encapsulation.’

1.1 Current Bone Substitute

Treating post-traumatic skeletal damage is a medical challenge. In some cases,
realignment of the bone and the use of a fixation device is sufficient for natural healing
and restoration of natural bone. However, in many cases, via injury or degenerative
disease, the defect size is too great for natural healing to occur, and the use of a bone
graft, or bone transplant, is needed to fill the bone defect and induce bone healing. All
current bone grafts vary slightly in biological function and essential components.
Allografts and autografts of either cancellous or cortical bone are currently the most

predominant types of bone-grafts.



1.1.1 Allogeneic Bone-Grafting

Allograft bone is excised from cadavers, treated to remove the organic
components and then used to repair extensive bone defects.! Allogeneic tissue is
available as cortico-cancellous particulates, whole bone segments or demineralized bone
matrices (DMB). Whole bone segments and cortico-cancellous particulates refer to the
form in which the graft is received, as whole segments or as a finely ground particulate,
respectively.

Whole bone segments are made of cortical allogeneic tissue, devoid of cells.
While bone segments are osteoconductive and provide immediate structural support, they
have poor osteoinductive properties, a high risk of an immune reaction and a risk of
transmitting infectious diseases.® Whole allograft segments are preserved by deep-
freezing or freeze-drying. Deep-freezing stores the graft segments at extremely low
temperatures. Under these conditions, the grafts retain their material properties and can
be transplanted immediately after thawing.> Freeze-drying incorporates a dehydration
technique to preserve the graft segments.> However, even after rehydration, the grafts can
become friable and weak in both bending and tension.’

Demineralized bone (DMB) matrix is one common preparation of allogeneic
bone. In preparing DMB, allogeneic bone is crushed or pulverized until a uniform
particle size is obtained. Refinement techniques, most of which have been patented by
corporations and tissue banks, are used to demineralize the particles. These particles are
then either left in the particulate form or further processed into a demineralized matrix.

DMB matrices demonstrate osteoconductive and osteoinductive properties. These



matrices are quick to revascularize and are a suitable host for bone marrow, but are not
structurally supportive.

Allograft tissues of all types are limited by the lack of availability, complex
shapes, large sizes and high costs. Allografts, although devoid of organic matrix, are
problematic, in that there is a lack of histocompatibility as well as a potential for

transferring infectious diseases. "> *

1.1.2 Autologous Bone-Grafting

When available, autograft tissue is most commonly used. Autologous tissue has
an 80 to 90% success rate with minimal risk of immune rejection.’ This graft-tissue
exhibits some osteoconductive, osteoinductive and osteogenic properties. Unfortunately,
there is a limited supply of available donor tissue, and the donor sites are often associated
with morbidity and long-term complications. In addition, anatomical constraints of the
donor site restrict the ability to repair abnormally shaped defects and most defects
requiring grafts are extensively abnormal in both shape and size.

There are two different types of bone tissues available for the use of autologous
bone grafting; cortical bone and cancellous bone. Cancellous bone, or trabecular bone, is
most commonly harvested from the posterior iliac crest. Bone density is a ratio of the
bone mass to bone volume, and is commonly expressed as a percentage or a fraction of
one. Bone porosity is denoted as one minus the density. Cancellous bone is
approximately 40% dense and contains many different bone cells including osteoblasts,
osteoclasts and osteocytes. Cancellous bone is quick to revascularize, resorb and is an

optimal space filler under non-load bearing conditions.



Cortical bone, also referred to as compact bone, provides mechanical strength and
structural support for load bearing conditions because of its 80% bone density. Cortical
bone-grafts exhibit minimal osteoinductive properties but are osteoconductive and
demonstrate osteogenic tendencies. Therefore, autologous cortical bone-grafts are used
for large area defects that require immediate structural support.

Cortical grafts are categorized into two types; vascularized and nonvascularized.’
Nonvascularized cortical grafts tend not to resorb or revascularize thus providing greater
initial strength.’ On the other hand, vascularized cortical grafts demonstrate limited
structural support in comparison to nonvascularized grafts.’ However, with vascularized
grafts, the resorption and revascularization stimulate a faster and more natural healing
process.> Donor sites for cortical bone include the iliac crest, ribs and fibula.> Although
cortical bone grafts do provide limited structural support, additional support by means of
either an internal or external fixation device is still required.

Although autografts are the clinically preferred donor tissue, the disadvantages
include; high cost, donor site morbidity, limited availability, size limitations and trauma
to the patient.! In addition, patients suffering from extreme bone deficiencies or
degenerative bone diseases are no longer candidates for this method of treatment.
Degenerative bone diseases include, but are not limited to, osteoporosis, osteogeneous
imperfecta and cancer. Additionally, research has shown progressive deterioration of
bone occurs with increased age.® ” Osteoporosis, a serious bone disease affecting elder
generations, is the result of extremely low bone density due to the loss of bone calcium.
The decreasing bone density further deteriorates bone strength, making bones brittle and

extremely vulnerable to fracture.®® Although osteoporosis affects both genders, women



are more severely afflicted due to the hormonal changes associated with
menopause.®'°

The clinical techniques for bone repair currently used today fail to incorporate
medical treatments, which would aid in the battle of degenerative bone diseases, while
simultaneously repairing the extensive defect. There is also a need to research and
develop orthopaedic implants, designed to be mechanically stable, despite the harsh
environmental conditions in vivo. With bone tissue in high demand for use in
transplantations, there continues to be interest among researchers in the development of
alternative solutions. Synthetically engineered bone tissue is one such promising

alternative.

1.2 Tissue Engineering Bone

Engineering bone involves the successful integration of four key components: 1)
an osteoconductive matrix or scaffold capable of establishing a 2) vascularized network
that encourages the 3) adhesion, attachment, and migration of osteogenic cells, as well as
the 4) adhesion of extracellular matrix proteins, cytoskeleton proteins and adhesion
molecules.!! These four key components will be discussed in depth. However, the focus
of this paper is on the design and processing of osteoconductive CaP scaffolds, and the in

vitro response of bone-forming osteoblast cells to these scaffolds.



1.2.1 Osteoconductive Scaffolds

Tissue engineered scaffolds have many advantages. Engineered scaffolds can be
fabricated into complex shapes and sizes without the limitation of availability. These
scaffolds are also histocompatible, with minimal risk of disease transmission. The ideal
engineered scaffold would (1) have good biocompatibility without immunological or

foreign body response,'z’ 13

(2) bioactively form a direct, strong bond between the
scaffold and bone, " % ' 12 (3) consist of a 3-dimensional interconnecting network of
macro- and micropores to support cell migration while facilitating bone tissue

1.9.12:15 4y biodegrade at a rate that matches the rate of

regeneration and vascularization,
cell and tissue ingrowth,” '? (5) be mechanically strong and (6) be easily fabricated.'?

Thus, there are many design parameters to consider in fabricating engineered bone tissue.

1.2.1.1 Calcium Phosphates

Calcium phosphate (CaP) bioceramics have been used for decades in many
medical applications, such as implant coatings and filler materials. More recently, CaP
bioceramics have shown promise as an engineered bone scaffold, an alternative to auto-
or allografts. These bioceramics are biocompatible, bioactive, resorbable, and
osteoconductive; they induce a positive interfacial bond and cellular ingrowth,

encouraging mineral deposition and new bone formation." '® Hydroxyapatite (HA) and B

- tricalcium phosphate (BTCP) are the more favored and most researched of the CaP
bioceramics."* 1> 17
The composition and stability of CaP is greatly influenced by the sintering

temperature and partial vapor pressure conditions at which the material is sintered.'

6



Under ambient conditions, HA is not stable during the high temperature phase. However,
de Groot et al. demonstrated that by inducing a 500 mmHg partial vapor pressure of
water while sintering, a pure HA phase is stable at high temperatures as a line compound.
Their studies also showed that the amount of water vapor present during sintering affects
the sintering temperature.'> Therefore, under high temperature conditions, HA is usually
found in the biphasic forms of HA + a-tricalcium phosphate (aTCP), HA + calcium

oxide (CaO) or HA + tetracalcium phosphate (CasP).

a'C,P+ liquid
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Figure 1: Calcium phosphate phase diagram in the presence of a partial pressure of
water.

B-tricalcium phosphate (BTCP) is not stable at high temperatures greater than 1200°C
where it transforms into aTCP. At room temperature, however, HA is one of only two

stable CaP phases.'* '® Thus, at room temperature it has been demonstrated that various

CaP phases transform into HA. Fishers-Brandies et al. also observed the transformation
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of BTCP into HA under physiologic conditions.'® By controlling the temperature, Ca/P
ratio and vapor pressure during sintering one can obtain a wide range of well-defined CaP
products.”

Numerous sintering temperatures have been reported for HA ranging from
1100°C to 1360°C. Krajewski et al. established an optimum sintering temperature for
HA ranging from 1100°C to 1150°C,%° based on the presence of bone growth. Later
findings by Yuan et al. confirmed that bone formation was found in HA scaffolds
sintered at 1100°C, while only a bone-like tissue was detected in HA sintered at
1200°C."” Yuan et al. later showed HA apatite crystals to have a lower crystallinity when
sintered at lower temperatures, and thus a more active bone formation.?! Hing et al.
concluded that changes in the degree of crystallinity and phase purity can lead to
variations in the scaffold solubility.? It has been well established that cell proliferation,
attachment, phenotypic expression and tissue response are directly influenced by the CaP
composition, solubility, porosity and surface topography. " .24 Therefore, variations in
the CaP phase present have a strong influence on the cellular response.?? Bone formation
was, however, induced in HA scaffolds sintered at 1200°C when implanted in dogs.”!
Although this demonstrates that the sintering temperature has little effect in bone
formation when placed in vivo, it is very difficult to make comparisons and draw
conclusions based on the diversity of the implantation sites, implantation techniques and
animal species.23

HA, BTCP, HA / BTCP composite referred to as biphasic CaP (BCP), and
unsintered CaP, or calcium deficient apatite, are the CaP bioceramics commercially

available for medical applications.! There are numerous techniques for processing CaP



scaffolds. Slip casting and uniaxial pressing are two common methods for processing
dense CaP ceramics, which may or may not incorporate the use of a binder.2*?® The
fabrication of porous scaffolds is commonly achieved through the use of polymeric
sponges, gel casting techniques or foaming agents.'” 21, 27-30 Foaming agents include
polyoxyethylene lauryl ether, NaHCO; and citric acid, CaCOj3 and citric acid, NH4HCO;
and citric acid, and H,0,'" 2" 2" 2 These polymeric foaming agents are assumed to be
fully removed during the sintering process, without altering the HA characteristics.?®
However, traces of these elements or impurities within the biomaterial are potential
carcinogens, and can be genotoxic as well as cytotoxic.3 ! Miiller et al. demonstrated that
common chemical analysis techniques often fail to detect many impurities and trace
elements therefore, understanding potential toxicities and toxic concentrations is
imperative.’!

One alternative to eliminating potential toxicities in the CaP is by fabricating
scaffolds with a binderless, non-toxic foaming agent, such as H202.2' Yuan et al
observed bone formation at 3 and 6 months within HA scaffolds processed in a similar
manner.?! The elimination of a toxic binder is highly favorable, and thus using H,0, as a

foaming agent is one of the most popular methods for porous scaffold production.?’

1.2.1.1.1 Hydroxyapatite (HA)

Synthetic HA, Ca;o(PO4)s(OH2), commonly produced by wet precipitation
synthesis, closely approximates the composition of natural bone." ' 3¢ The apatite
mineral found in bone is an impure form of HA with other ions such as Mg+3 , CO32' and

F present.'6 Studies have shown that bone binds to other metals such as Al, B, Cd, Cr,



Pb, Si and Sr, and when this occurs can have multiple effects on the skeletal system.’’
Some of these effects include loss of bone mineral density and mineral content, an altered
bone metabolism, a decrease in calcium adsorption and an increase in calcium
resorption.’” The effects of Ti, Co and Cr have been studied and found to increase bone
cytokines, which increases the inflammatory response making them unfavorable
candidates for implants.’” To date, most metallic dental implants, total hip replacements
and total knee replacements are commonly fabricated out of Co-Cr, and Ti alloys.2 In a
study conducted by Wang et al., an increase in bone cytokines was found to be a potential
cause of osteolysis (the loosening in total joint arthroplasty).3 8 Therefore, implants
designed using HA to stimulate a bioactive response, develop an adherent
hydroxycarbonate apatite (HCA) layer that provides a bonding interface with surrounding

3 HA is often used to coat

tissue capable of resisting substantial mechanical forces.
surfaces of metallic implants to aid in the formation of a strong implant-bone tissue
interface. Similarly, HA coated implants promote faster bone adaptation and reduced
healing times.*

HA is the most stable phase of CaP, and thus in vivo results find a slow
degradation rate via physicochemical dissolution.!® For this reason, HA implants can be
designed with a high structural integrity thus having the ability to withstand loads
comparable to normal physiologic bone forces. However, a successful implant is defined
as the ability of the synthetic implant to progressively regenerate into bone within normal
healing time (average of 6 months). Recent research shows strong correlations between

the healing time and material degradation. To achieve a structurally supportive HA

implant, the implant must be manufactured to a material density of 80 to 100%. However,
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at these high densities, not only is the in vivo degradation rate of the HA extremely slow,
but there is limited cellular ingrowth, and an inconsistency of cellular growth along the

bone/HA interface.

1.2.1.1.2 Tricalcium Phosphates

TCP is another favored member of the CaP family. The TCP phase is broken into
two sub-phases, aTCP and BTCP. Both phases have the chemical composition
Ca3(POy),, differing only in their specific gravity, x-ray diffraction results (XRD) and
their rates of biodegradability. oTCP is stable at temperatures above 1200°C below
which BTCP is the stable TCP.'? In addition, when o TCP was implanted in adult dogs for
up to 150 days, Yuan et al. observed no bone formation as compared to bone formation
found on HA and pTCP."

BTCP is biocompatible and osteoconductive, with a Ca:P ratio of 1.5." Although
BTCP stimulates a limited bioactive response, it is not as stable as HA, degrades rather
quickly, and is not ideal for an implant needing structural stability.> In addition to the
lack of material strength, this rapid rate of biodegradation often occurs before the cellular
components are capable of laying an organic matrix that starts the process of mineral
deposition and bone regeneration. Pure BTCP bone implants are rapidly broken down by
macrophages and carried away by the lymph system prior to the occurrence of bone
repair. !> °

The challenge at hand is to develop a scaffold that maximizes bone ingrowth and

mineral deposition, while maintaining structural integrity during concurrent bone
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remodeling. However, recent studies of biphasic calcium phosphate (BCP), an HA and
BTCP composite, show that combining the structural properties of HA with the
resorbability of BTCP results in a time controlled degradation with simultaneous

regeneration of newly formed bone.'®

1.2.1.2 Porosity

Porosity is a vital part of both cortical and cancellous bone. Although an increased
porosity weakens the mechanical stability of the scaffold, pores of a specific size, shape
and interconnectivity are vital for cellular adhesion, attachment, growth, migration, and
overall bone formation. Interconnecting porous scaffolds provide a vascularized network
that 1) allows for cellular attachment, migration, expression and ingrowth, 2) ensures
adequate nutrient diffusion to the cells and 3) acts as a waste removal system.! Thus,
porosity is a vital part of natural bone and an important design criterion for bone tissue
engineering scaffolds. |

There are two different types of pores that make up the total porosity; micropores
and macropores. Micropores are created from an incomplete sintering of the ceramic
particles and typically have a diameter less than 75 pm. Macropores, which are induced
into the material to obtain a desired porosity, have a diameter of 150-400 um and are
primarily for cellular ingrowth.*® Interconnections are the pathways between the macro-
and micropores that allow for the flow of cells and nutrients, and for vascularizati(;n, thus
playing a critical role in encouraging bone ingrowth.*!

Macroporosity plays an important role in bone physiology. Cortical bone,
responsible for the structural integrity of the skeletal system, has a pore size ranging from

12



1 to 100um, whereas the nutrient-rich trabecular bone has a pore size ranging from 200 to
400 pm.! Macroporosity is also a critical factor in cell attachment, migration and growth
in an engineered scaffold. A minimum pore size range of greater than 150 pm has been
determined necessary for healthy and sufficient bone ingrowth.'® Although a pore size of
10 um allows for cell migration, a macroporosity greater than 100 um has a direct
influence on bone formation.*! At this pore size, osteogenesis is induced and bone is able
to grow into the interconnections and maintain vascularity for long-term viability.* 42
Pore size has been shown to affect cell/scaffold interactions; pores ranging in size from
15 to S0 um are sufficient for fibrous tissue ingrowth.'’

The pore size, ideal for encouraging osteoblast migration, attachment and
proliferation, ranges from 100 to 400 pm.*! ¥ * Macropores in this size range have been
shown to promote bone tissue ingrowth while providing mechanical interlocking
stability.!? Yoshida ef al. concluded that the larger the pores, the earlier bony ingrowth
will occur into the porous HA.*? Research presented by Yuan et al. builds upon previous
work, which notes the importance of macroporosity in new bone formation. However,
Yuan et al., conclude that while macro pore size is important within the range 100 —
400 um, the critical factor in bone formation is the concomitant degree of
microporosity.2! Micropores greatly increase the surface area for protein adsorption,
because surface area facilitates ion exchange.?' With more proteins absorbed, the easier it
is to form a bone-apatite layer that can in turn, facilitate bone formation.?!

To optimize biological efficiency for bone applications, control of the mean pore
and interconnection sizes is required.* The degree of interconnectivity is also thought to

be more critical in determining bony ingrowth than macropore size.*’ Research by Flautre
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et al. found an interconnection size of 130 um promoted cellular and tissue activity
inside pores.* If the interconnection density is too small in relation to the pore size, such
that the interconnections are < 30 um, then fibrous connective tissue invades the ceramic,
without bone tissue differentiation.*® Fibrous tissue invades and colonizes the pores at a
faster rate than osseous tissue, and once fibrous tissue has invaded the pores, bone
ingrowth is inhibited.*’ In a study conducted by Lu et al., porous HA and BTCP scaffolds
with interconnecting pores ranging in size from 30 to 100 um were investigated. After 28
days, an interconnection size of 60 pm was most frequently observed in both HA and
BTCP scaffolds.*! In the same study, HA and BTCP scaffolds were implanted in rabbits
for 12 and 36 weeks.*' The degree of vascularization was higher in BTCP than HA, and
the mean size and density of the interconnections significantly increased with time.*'
Thus, for resorbable materials, the pore and interconnection density plays a more critical
role than pore size, because over time, the pore sizes are modified by scaffold
degradation.*!

Porous ceramic implants are advantageous because of their material inertness
combined with their ability to form a mechanically stable interface as bone infiltrates the
pores.” There have been a number of studies dealing with the ideal pore morphology for
bone ingrowth and based on the results, one can conclude that the microstructure of the
porous scaffolds (volume, density, pore size, grain size, interconnections and surface
topography) plays an important role in the mechanical strength, degradation and bony

ingrowth of the material.*'
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1.2.1.3 Mechanical Properties

Biomaterials, such as titanium alloys and stainless steels, used for many bone and
joint applications have mechanical properties far superior to those of bone.* However,
based on Wolff’s Law, stress shielding, caused from implants having much greater
mechanical strengths, results in bone resorption, and is therefore not conducive to implant
longevity.®” There continues to be a need for further research as to the design of
biomaterials with mechanical properties closely matched to those of bone and with the
capacity to be bioactive and stimulate bone ingrowth.46

The mechanical strength of the engineered matrix is dependent on the total
volume of micropores and macropores. Porous ceramic implants are brittle so with a
conflicting need for both porosity and mechanical strength, there is limited use for porous
scaffolds when used in load bearing situations, unless sufficient surgical stabilization is
also present.'? Ryskewitch demonstrated with a simple exponential equation (Equation 1)
that an increase in porosity results in a rapid decrease in the mechanical strength of the

material.?®
G =0,¢e P, 1)

were o is strength, o, is strength at zero porosity, ¢ is constant and p is porosity.>® de
Groot later developed equations for both the compressive (Equation 2) and tensile

(Equation 3) strengths of porous HA and BTCP,

o(Vp)= 700 ¢ °¥P (MPa) Q)
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relating the compressive strength (o;) to the exponential of the total volume occupied by
both micro- and macropores (Vp), and the tensile strength to the microporosity volume

(Vinp)
(Vinp)= 220 €20V (\pa) 10: 13,39 -

Both the compressive modulus and ultimate compressive strength are highly sensitive to
the density and pore isotropy.*’ Hing et al. characterized porous HA and found the
mechanical properties of porous synthetic HA to be highly dependent on how it was
processed and the final microstructure.?

Cortical bone is reported to have a mechanical strength ranging from 69 to 110
MPa, and an elastic modulus ranging from 12 to 18 GPa." *’ These values are often used
as a guideline when modeling engineered bone after cortical bone. Jarcho et al. reported
that the mechanical strength of dense HA ranges from the 79 to 106 MPa.*® The same
study suggests the strength of porous HA needs to approximate 42 MPa. However this
value is expected to vary significantly depending on the degree of porosity, the pore size,
shape and the pore distribution." *® Metsger and co-workers also demonstrated a
significant decrease in the ultimate compressive strength of HA when porosity was
incorporated into the scaffold. Dense HA was found to have an ultimate compressive
strength of 70 MPa, where a 50% porous scaffold resulted in an compressive strength of
only 9.3 MPa.* As evident from this work, porous scaffolds are often not mechanically
strong enough for load bearing applications, unless additional surgical stabilization is
present.

In an attempt to engineer stronger scaffolds, many groups have experimented with

HA composites. HA and bioglass composites have been shown to demonstrate flexural
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strength and fracture toughness. Roeder et al. incorporated single crystal whiskers into
the scaffold as another way to increase strength, while Barralet et al. varied the sintering
atmosphere to tailor the HA microstructure. > %53

Bone is composed of 65% inorganic matrix (bone mineral apatite), and 35%
organic matrix (collagen, cells, proteins etc.).! Clarke and co-workers fabricated
composite scaffolds incorporating organic collagen and calcium phosphate with material
properties similar to those of bone.*® When SerP, a bone specific phosphoprotein, was
added to the composite scaffold, the ultimate tensile strength of the composite was further
enhanced.*® Enhancing mechanical strength of an implant by incorporating an organic

matrix into the osteoconductive scaffolds is a promising step in the design and

development of tissue engineered bone.

1.2.1.4 Resorption

Even the incorporation of an organic matrix will fail to enhance the mechanical
strength of aging porous ceramic scaffolds due to in vivo environmental conditions.
Therefore, to optimize the long-term success of an engineered porous bone scaffold, and
to accommodate the inevitable aging process, designing the bone implant to naturally
resorb back into the body would be beneficial.* ' Ideally, the designed degradation of the
engineered scaffold would be a time-controlled process that simultaneously replaces the
resorbed material with newly formed bone.'® Although, completely resorbable scaffolds
are ideal, the challenges include matching the resorption rate to the body tissue repair

rate, and maintaining the scaffold strength and stability.>®
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The breakdown of an engineered scaffold occurs by 1) physical dissolution of the
material based on material solubility, which is influenced by the composition and
material characteristics (porosity, surface area, crystallinity, surface topography and
particle size) and 2) biological degradation, a cell mediated degradation based on
environmental conditions, such as pH fluctuations and metabolic activity." ' *! Governed
by the material solubility, physicochemical dissolution initiates at the neck region of the
sintered powder."? In addition to dissolution at the neck region, Koerten and co-workers
observed degradation and crack formation at the grain boundaries.>*

The small, degraded particles, generated from either physicochemical dissolution
or biological degradation, are often digested intracellularly or carried away to
neighboring tissues such as the lymph nodes. Therefore, resorbable materials must be
metabolically acceptable in order for large quantities of the resorbed material to travel
through the critical organs and systems of the body.*

In an extensive review on bioceramics, Hench discussed how relatively small
changes in composition of a biomaterial can dramatically affect whether it is bioinert,
bioactive or bioresorbable.?® This was consistent with the findings of Yong ef al. in that
highly crystalline bioceramics are extremely slow to resorb, often considered non-
bioresorbable.'? Sintered synthetic HA is a highly crystalline bioceramic and in a study
conducted by Doi et al., the resorbability of dense HA and sintered carbonate apatite was
compared to the resorbability of bone apatite.’® The dissolution behavior of these
materials, investigated under acidic conditions, (pH 5.0 at 37°C), established similar

composition changes between bone apatite and sintered carbonate apatite over the same
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time frame.’> When these materials were subjected to neonatal osteoclasts, resorption was
observed on the bone apatite and sintered carbonate apatite, but not on the HA.>

Lu et al. investigated the biodegradation mechanisms of CaP bioceramics, and
found in vivo biodegradation to be rapid for PTCP and CaP bone cement, but slower for
HA scaffolds.®® Their research concluded that newly formed bone was in direct contact
with HA and BTCP bioceramics at 3 weeks, and there was no direct contact with the bone
cement.® Another study conducted by Wiltfang et al. found the in vivo resorption of
BTCP and oTCP to be comparable; although a TCP was associated with an inflammatory
cellular reaction.’’ It has been demonstrated that BTCP tends to resorb faster than HA.
Biphasic calcium phosphate bioceramics (BCP) incorporate the favorable resorption
properties of BTCP with the mechanical strength of HA, and, as seen by LeGeros and de
Groot et al, who with slight adjustments in the HA to BTCP ratio, controlled the
biodegradation of BCP scaffolds.” ® Ito and co-workers enhanced the scaffold strength
while decreasing the resorbability and solubility of BTCP by binding zinc ions to the
BTCP powder.”® Zinc, an essential trace element, has been shown to promote bone
formation in vitro and in vivo, and inhibit osteoclastic bone resorption in vitro when zinc
containing PTCP was cultured with cells.*®

The surface area to volume ratio of the engineered scaffold also influences the
rate of degradation.” After long periods of time in vivo, biological conditions contribute
to the resorption of the material and thus small amounts of degradation can lead to a large
increase in surface area. Degradation of the ceramic scaffold materials occurs quicker
with a larger surface area, therefore porous scaffolds tend to degrade more rapidly than

dense scaffolds. The ideal bone implant would be designed with a degradation rate timed
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with the rate of new bone regeneration therefore not sacrificing mechanical properties.
Although research shows surface area plays an important role in scaffold degradation, it
is a pivotal property, along with other surface properties, that governs the incorporation

of an organic matrix.

1.2.1.5 Surface Properties

Material surface properties of engineered scaffolds, such as surface area, surface
roughness, surface chemistry, surface charge and grain size, play a critical role in the
adhesion of proteins, growth factors, amino acids and other biochemical factors, when
placed either in vitro or in vivo. 1% The adhesion of these proteins, growth factors, amino
acids, and biochemical factors prepare the scaffold for cellular adhesion, which in turn
affects the tissue architecture, cell migration, proliferation, differentiation, motility and
trafficking. Subtle changes in surface topography, surface chemistry and surface energy
are detectable on a cellular level and can have significant variability in cell adhesion,

migration, growth etc.*

1.2.1.5.1 Surface Topography

Surface topography is a term used to encompass the physical surface characteristics such
as surface roughness, surface area and grain size. These are all important factors that
directly affects the cellular response.’** Deligianni et al. investigated human bone
marrow cells on HA discs polished with SiC paper (180, 600 and 1200 grit), and found

cell adhesion, proliferation and detachment strength were improved as the surface
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roughness increased.®’> This cellular behavior was also noted on Ti surfaces with an
increasing surface roughness.®**’ Cells cultured on both HA and Ti surfaces, polished
unidirectionally with coarse paper, would attach to the scaffolds orientated within the
parallel grooves of the polished surface, whereas the cells cultured on sandblasted
surfaces showed no particular orientation.”® ®* % When comparing the unidirectionally
polished surfaces to sandblasted surfaces, Anselme et. al observed a lower cellular
adhesion and proliferation on the sandblasted surfaces. In addition, the cells cultured on
the sandblasted surfaces failed to reach confluency during the course of the study as
compared to the polished surfaces. Boyan et al. also observed the cell numbers to
decrease with increasing surface roughness, but found alkaline phosphatase activity and
osteocalcin production (markers of osteoblast differentiation, Refer to 1.2.2 Osteogenic
Cells) to increase significantly with an increase in surface area when cultured in vitro on
Ti.#

In comparison to a flat, polished surface, increasing surface roughness also means
an increase in surface area, and thus an improvement in both short and long-term cellular
response is attributed to a greater adsorption of adhesive molecules and proteins. Sisk and
co-workers demonstrated an increase in transforming growth factor-fl1 (TGF-f1)
production in cells cultured on rougher surfaces as well as a greater percentage of the
TGF-B1 stored in the ECM.” After culturing J774A.1 murine macrophage cells on
commercially pure Ti of various surface roughness, Takebe et al. observed an increase in
bone morphogenetic protein—2 (BMP-2) expression with an increase in surface

roughness.®’ It is also believed that the responsiveness of some osteoblast cell lines to
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hormones and integrins is mediated by an increase in surface roughness.5’ These adhesive
biomolecules will be discussed in detail later on.

Webster et al. postulated that surface grain size on nanophase ceramics is an
important surface feature for the adsorption of proteins that enhances osteoblast
adhesion.”’ They found an increased osteoblast adhesion on nanophase HA with an
averaged grain size of 67 nm when compared to two conventional processed HA powders
(via precipitation method stirred at 90°C for 1 and 3 hours) with an averaged grain size of
132 and 179 nm, respectively.’' Osteoclasts were also shown to increase adhesion to both
alumina and HA nanophase grain sizes (<100 nm) as compared to conventional HA
powders.2* In addition, both nanophase alumina and HA demonstrated a statistically
significant (p<0.01) increase in concentrations of vitronectin and denatured collagen.”!
Fibronectin and albumin concentrations were found to be similar for both nanophase and
conventional of both alumina and HA.”!

Cell orientation and cell morphology are also affected by surface topography.
Cellular orientation is most noted when the surface has been prepared with grooves of
varying sizes. Anselme et al. investigated the effect of grooved titanium on osteoblast
cell growth finding the grooved surface with the greatest R, (surface roughness
parameter) value, but with a small microroughness within the grooves of 10-100 pm to
have the greatest orientation of osteoblasts.”> Lu and co-workers also analyzed the effects
of osteoblast behavior on microgrooved surfaces.” Both HA and titanjum surfaces

grooved with identical micropatterns of six different widths (4, 8, 16, 24, 30 and 38 um)

and three different depths (2, 4, and 10 pm) were studied.”® Although they found no
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significant differences in the orientation angle of the various microgrooved surfaces,
significant cell morphology changes were observed.”

Cell morphology involves alterations to cell size and cell shape as a result of the
surrounding environment. The cellular skeleton consists of actin filaments, providing the
cell with structural stability and support. Takebe ef al. observed an increase spreading of
J774A.1 murine macrophage cells with an increase surface roughness.®’ This follows the
findings of Wojciak-Stothard et al. that the amount of F-actin present within a
cytoskeleton increases with an increased roughness, resulting in rapid cellular shape
changes.” These results parallel the findings of Lu and co-workers when investigating
microgrooved HA and titanium. The greater the groove depth and narrower the width,
the stronger the effect on the SaOS-2 cell shape, whereby the cells demonstrated a greater
elongation along the HA or Ti groove.” The importance of cell shape has been attributed
to other cell functions such as growth, gene expression, protein secretion, and metabolic
functions.”

Although only a few cellular reactions were discussed as a result of surface
topography, such as increased adhesion, morphology changes, cytoskeletal changes, and
orientation, surface topography can encourage other cellular reactions as well.!! 6% 62 71-77
Some of these reactions include, alteration in gene expression, acceleration of cellular
migrations and activation of phagocytosis.’® While all these reactions are governed by
surface topography, many are also governed by surface chemistry, surface charge and

surface energy.
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1.2.1.5.2 Surface Charges

Surface charges play an important role in bone-implant interfacial bonding.
Although their role is not well understood, research suggests a correlation between these
electrical signals and the regulations of new bone formation and remodeling.”® 7 Zeta (&)
potential, often measured by particle electrophoresis, is the charge interactions between

particles, and is directly related to surface charge.’® %

&-potential measurements are one
exception to studying the interactive mechanisms of bioactive ceramics and surrounding
tissues and fluids in vitro.8! It has been hypothesized that the &-potential of bioactive
ceramics was related to the surface reactivity, a governing factor in the material
osteoconductivity.? Ducheyne et al., demonstrated that the E-potential was related to the
surface reactivity of the bioceramic, observing significant variations between
stoichiometric and Ca-deficient hydroxyapati’te.sl However, it was Kowalchuk et al., that
confirmed the relationship between surface reactivity and osteoconductivity when in the
presence of bone extracellular fluid.’® It has been suggested that the relationship between
the surface reactivity and osteoconductivity is a result of the electrokinetic potential
produced when bone extracellular fluid flows along charged surfaces, and thus
encouraging bone growth.?!*3

Others have taken a more direct approach to studying the affects of surface charge
by polarizing scaffold surfaces. Ueshima et al. cultured bacteria, staphylococcus sp and
Escherichia coli (E. coli), on electronically polarized HA discs. Some bacteria are
known to adhere to implant surfaces, coating them with secretions that hinder the natural

defense system to fight off infections, and decrease the effectiveness of the antibiotics. A

study conducted by Ueshima et al. indicated bacterial adhesion for both bacteria, was
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accelerated on the negatively charged surface (N-surface) and decelerated on the

positively charged surface (P- surface).

N-surface

|

Figure 2: Schematic setup for polarizing HA disc.®

The surface charges have been shown to affect cellular and protein adhesion.
Ohgaki et al. investigated adhesion of 1) L929, mouse derived connective tissue cells, 2)
MC3T3-El, mouse-derived bone forming osteoblast cells, and 3) SK-N-SH, human-
derived neuroblastoma cells, to electronically charged HA thin films and HA ceramics.®
Electronically charged thin films were advantageous in this study because they allowed
for direct observation of the cells via a phase contrast microscope. Similar to the bacteria
study; the N-surface induced both adhesion and growth of L929, MC3T3 E1 and SK-N-
SH cells. The polarization of the N-surface not only affected the cellular adhesion but
also contributed to highly orienting the SK-N-SH cells. The P-surface was shown to
inhibit cell growth of all three types of cells.

In contrast, Kobayashi et al. and Nakamura et al. investigated the in vivo cellular
response to polarized HA scaffolds.® ®” Scaffolds were implanted in the femoral and

tibial diaphyses of male beagles and harvested at 3, 7, 14 and 28 days. Kobayashi et al.,
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having investigated only the negatively charged surfaces, observed that the negative
surfaces directed the new bone to arrange into highly oriented layers, in addition to
enhancing protein and cellular adhesion.®® Carrying this study one step further, Nakamura
et al. investigated both the negative and positive surfaces in vivo, where it was found that
both surfaces enhance bone deposition, thus suggesting that the polarized surface charge,
regardless of polarity, promotes bone ingrowth and initiates bone reconstruction.®®

Biochemical factors are also influenced by the surface charge and are critical for
cell adhesion. Calcium (Ca?*) and Sodium (Na‘) are key ions in cell-cell junctions
(intercellular communication junctions). These junctions influence cellular adhesion and
growth. Ca?* and Na* ions increased on a negatively charged matrix surface.®> These ions
assist in cell-to-cell interactions and could explain why there is a greater proliferation of
cells on the N-surface. Ca®* also attracts cell adhesive proteins such as fibronectin,
osteonectin and integrins. Anionic groups such as HPO4Z, which are attracted to the P-
surface, act as anti-adhesive molecules.®

Although the work done using polarized HA surfaces is interesting, it fails to
explain the molecular interactions between the bioceramics and the surrounding fluids, a
governing factor in the adhesion of cells. In addition, HA is naturally associated with a
negative charge, and researchers have demonstrated the osteoinductive and
osteoconductive properties of HA." % 13, 17. 39. 89 HA not only has shown to encourage
cellular adhesion, but also accelerates cellular differentiation, the early stage of mineral
deposition. Therefore, studying the interactive mechanisms of bioactive ceramics to the

surrounding tissues and fluids, by understanding & - potentials, is needed to better grasp

the importance of and the effects of surface charge as an implant design criterion.

26



The design of the osteoconductive matrix plays an important role in cellular
adhesion and tissue response. Therefore, designing a scaffold to accommodate all the
critical material characteristics, composition, porosity, pore size, resorption, surface
topography and surface energy, is complex and challenging, and many of the factors are
not well understood. However, with the addition of osteogenic cells to the
osteoconductive scaffold, there are even more factors that are not well characterized. It
has been clearly shown that the addition of these cells enhances new tissue formation and

improves implant longevity.

1.2.2 Osteogenic Cells

There is a continuous turnover of bone coupled by a reaction between the two
main cellular systems found in bone; bone-resorbing osteoclasts and bone-forming
osteoblasts. Although the physiological interactions of both of these systems are closely
related, they have distinctly separate origins. Osteoblasts originate from the bone marrow
mesenchymal cell lineage and osteoclasts originate from hempoietic cell lineage.’’
Osteoclasts play an important role in the resorption of biodegradable, engineered
scaffolds, but it is the osteoblasts and osteoblast precursor cells that facilitate the
generation of new bone tissue.”

All cells originate from a stem cell. Stem cells are defined as a cell with self-
renewal capacity and the ability to repopulate into any cell lineage.' However, Morrison
et al. noted that the recent definition of a stem cell has become more ambiguous because

different people are giving it distinctive meanings.”’ In the hierarchy of cell

differentiation, true stem cells differentiate into multipotential or precursor cells, which
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are restricted to bi- or tripotential differentiation, and in turn, restricted to monopotential
progenitors. Today, multipotential cells are often erroneously referred to as stem cells.
The so-called mesenchymal stem cells (MSCs) are such an example. These multipotential
cells are capable of differentiating into multiple cell phenotypes including osteoblasts,
keratinocytes, chondroblasts, myoblasts and adipocytes.'® ** 92 Originating from the bone
marrow stroma that has differentiated along osteogenic pathways, committed
osteopregenitor cells are restricted to the development of osteoblasts and the formation of
new bone tissue.'***

There are many different osteoblast precursor or osteoblast cell lines used in
research. Primary cells are directly obtained from the source by enzymatic digestion.
Often multiple cell types are collected when obtaining primary cells. Therefore, specific
cell types must subsequently be isolated and sub-cultured. Cell lines are secondary
cultures derived from a primary culture. The majority of the osteoblast cell lines originate
from isolations of fetal or newborn rodent or chick embryonic calvariae.'” The ability to
proliferate the osteoblasts into large cell cultures is one advantage to using fetal or
newborn animal osteoblasts. Another advantage of using fetal or newborn animal
osteoblasts is the low numbers of chondrocytes present in calvariae membranes. The
disadvantage to using these cells however, is the behavior of the osteoblasts from
immature animals may not be representative of adult human osteoblast behavior.

There are many different osteoblast-like cell lines. Some of the common mouse
derived cell lines include MC3T3-El cells (derived from newborn mouse calvariae),

murine KUSA/A1, and KS483 (mouse preosteoblastic subclone).'® 87 %% MC3T3-El is

an osteogenic cell line that shows the characteristics of immature committed osteoblasts,
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identifiable by the expression of characteristic osteoblast markers under specific
conditions.'® Noted for their high alkaline phosphatase activity in the resting state,
MC3T3-El cells also express bone sialoprotein and osteocalcin in advanced
differentiation stages.'o' 87 KS483 cells, another mouse osteogenic subclone, are noted for
their tendency to secrete vascular endothelial growth factor-A (VEGF-A) in a
differentiation-dependent manner.”® SaOS-2 and MG63 are commonly observed human
osteoblast-like cell lines.'” *" % Others have reported using K8 cells (derived from a
murine osteosarcoma) or UMR106.01 (isolated rat osteosarcoma).m’ % These cells are
obtained from malignant tissue and therefore may also be misrepresentations of normal
human, adult osteoblast behavior.

Osteoblast development has been well characterized as having various stages of
proliferation and differentiation along with several well-established markers to indicate

these stages. The development sequence for an osteoblast is depicted below.
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Increasing differenti ation
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Multipotential Mature
Stem Cell y | Osteopregenitor Preosteoblest v Osteocyte
Mature
Immature Osteoblast
Osteopregenitor

Figure 3: Osteoblast development sequence.'® >’

In vitro primary cultures require a stimulus, such as dexamethasome, to
differentiate immature osteopregenitor cells. The deposition of Type 1 collagen is one of
the earliest known osteoblast markers observed as early as the osteopregenitor stages and
continues through development of a mature osteoblast.’’ The early stages of osteoblast
growth are thought to be suppressed on HA and TCP scaffolds due to an increased
synthesis of prostaglandin-EZ.23 *26 Cerroni and co-workers also showed a reduction in the
proliferation of MC3T3-E1 cells on coralline HA."

Alkaline phosphatase (AP) enzyme is another common marker of osteoblast
differentiation, commonly observed during the preosteoblast and mature osteoblast stage.

Regulated by factors that affect cells both genomically and non-genomically, AP activity
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increases during osteoblast maturation and then decreases after the onset of
mineralization.”* 3 Various levels of AP activity are believed to reflect different degrees
of differentiation.”> HA and TCP are believed to accelerate osteoblast differentiation, as
seen by an early increase in AP activity.”> 2® Although AP staining is a widely accepted
method for identifying mature osteoblasts, recent findings suggest AP activity is not as
stage specific as previously suspected.>’ Osteocalcin is a protein only produced in mature
osteoblasts and thus is often considered a better marker for mature osteoblast
differentiation.*’

Osteoinduction is the ability to cause multipotential cells from a non-bony
environment to differentiate into bone-forming osteoblasts.* There is much discussion on
whether CaP bioceramics are osteoinductive, with many suggesting these biomaterials
are not, although recent findings suggest some CaP bioceramics are osteoinductive, and
osteoinductive tendencies might be an intrinsic property of CaP biomaterials." 2! %% 1%
However, osteoinductive properties can be inducted in CaP biomaterials with the addition
of osteogenic cells, growth factors, and bone morphogenic proteins (BMPs), which have

shown to play an important role in reconstructing bone defects.!" %'

1.2.3 Biological Molecules

The term cellular ‘adhesion’, when discussed in relation to biomaterials
incorporates the attachment phase and the adhesion phase. The attachment phase is a
short-term, rapidly occurring linkage that forms between the cells and the biomaterial.
These physicochemical bonds commonly occur by ionic and van der Waals forces.!! The

physicochemical bonds formed during the attachment phase are highly dependent on the
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material surface properties including surface chemistry, surface roughness, surface
energy and charge, as well as the scaffold porosity.'" 4 5% €& 71. 102 wepster and co-
workers demonstrated that nanophase biomaterials, with a grain size <100 nm, increased
the adhesion of osteoblasts.!

The adhesion phase is a longer-term occurrence involving biological molecules
such as extracellular matrix proteins, cell membrane proteins and cytoskeleton. proteins.
These biological molecules promote the action of transcription factors that regulate gene
expression by interacting with each other and inducing signaling transduction pathways.“
It is the signaling occurring within and between the cells that begins the formation of the

organic matrix of bone.

1.2.3.1 Extracellular Matrix Proteins

Bone is comprised of both an organic and inorganic matrix. The inorganic matrix
primarily consisting of crystalline hydroxyapatite, makes up 60 to 70% of the bone
weight.” The remaining 30 to 40% of the bone weight comes from the organic matrix,
also referred to as the extracellular matrix (ECM).>” The ECM found in bone is composed
of both collagenous and non-collagenous proteins. The collagenous proteins are
comprised of 90% ECM, of which type I collagen is the most abundant (97%).'" %" The
remaining 3% is composed of type IV collagen.'' Collagen is a gelatinous, structural
protein that exhibits a triple-helix confirmation.'®® Non-collagenous proteins make up the
remaining 10% of the extracellular matrix, which consist of osteocalcin, osteonectin,
bone sialoproteins, proteoglycans, osteopontin, fibronectin, growth factors (GF) and bone.

morphogenic proteins (BMPs).!' Most of these osteoblast-produced proteins play a role
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in the adhesion of cells to biomaterials. In addition, the survival of the osteoblast is
dependent on the GF associated with the ECM.'®

Biomaterial characteristics play an important role in the adhesion of
biomolecules. Surface characteristics govern not only how biomolecules adhere, but also
the orientation of the absorbed molecules.** CaP biomaterials have a high affinity for
these proteins, absorbing statistically larger quantities than Ti or stainless steel implants,
making these biomaterials ideal carriers of extracellular proteins.'* *? In addition, Yuan et
al. demonstrated that the more proteins absorbed into the biomaterial surface, the easier it
was to form an apatite layer and possibly facilitate bone formation.*

BMPs are a part of the larger transforming growth factor B (TGF-f) superfamily.
There are many different types of BMPs. However, BMP-2, BMP-4 though BMP-7 and
BMP-9 are believed to be bone-inducing molecules. RhBMP-2 (recombinent human
BMP) is believed to be involved in inducing differentiation of osteoblast precursor cells

into mature osteoblast-like cells.'*

1.2.3.2 Cell Membrane Proteins

The adhesive properties of many of the extracellular proteins have been attributed
to the Arg-Gly-Asp (RGD) amino acid sequence.'g' 37. 67 This sequence is specific to
extracellular membrane proteins and is recognized by cell membrane receptors. There are
four main families of cell membrane proteins; integrins, cadherins, selectins, and
immunoglobulins."' 37.67. 105 Of these four main families, only the role of integrins and
cadherins are currently understood, with respect to osteoblastic cells. However, selectins

and immunoglobulins are believed to play a role in the cellular adhesion.
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Integrins are cell-to-substrate adhesive molecules that form receptors for
biomolecules like fibronectin, osteopontin, bone sialoproteins, thrombospondin, type I
collagen and vitronectin. Integrins are central players for many adhesion related
occurrences.’” '% These structurally related molecules are also responsible for connecting
to the cell scaffolding and cytoskeleton. Consisting of two protein subunits, the alpha (o)
and beta (B) chains span the cell membrane so that parts of each protein sub-unit
protrudes from the cell to collaborate with ligands and other biomolecules to form
receptors with the substrate, through focal adhesions (cytoskeletal proteins discussed in
1.2.3.3).>” ' Parts of the alpha and beta chains also extend into the cell cytoplasm,
anchoring to the cell cytoskeleton, and causing the cytoskeleton to organize and take on a
definite structure.®’ Integrins consist of 16 known alpha sub-units and 8 known beta sub-
units, forming a total of 22 known integrins.’’ 5B 1, an integrin sub-unit, was one of the
first adhesion receptors to be discovered.*? This sub-unit binds to the fibronectin ligand
and the RGD amino acid sequence, and is known to enhance osteoblast differentiation.*’
avf3, a vitronectin receptor, plays a key role in osteoclast adhesion, but is also believed

to have some effects on osteoblast adhesion.’® ¥’

alpl, a2pfl, a3pl integrins are
expressed by osteoblast cells and bind to collagen ligands. Of these integrins, a2f1 is

associated with osteoblasts differentiation and a3p1 is associated with the adhesion to
collagen, fibronectin, and extracellular matrix proteins that are expressed by osteoblastic
cells.”’

Cadbherins, Selectins and Immunoglobulins (Ig) are nonintegrin molecules that are
responsible for most cell-to-cell adhesion interactions.’” ' Cadherins formed from single

chain transmembrane glycoproteins, are an intricate part of adherens junctions, anchoring
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junctions formed between tight junctions and desmosomes through the cytoskeleton.”’
Cadherins are calcium-dependent molecules that are often linked to the differentiation or
commitment of specific cell phenotypes.'" 37 Osteoblast, and osteoblast-derived cells
express a selected group of cadherins; N-cadherins, cadeherin-4, cadeherin-6, cadeherin-
11.37 N-cadherin (Ncad) and Cadherin-11 (cad11) are the major cadherins present in
bone-forming cells, and more specifically they are regulated upon the commitment of
progenitor cells to the osteogenic pathway. Once committed however, the cadherins do
not change with cellular differentiation.’’

Immunoglobulins (Ig) are receptors organized in a scaffolds-like sheet consisting
of folds of 70-100 amino acids.’” Although these nonintegrin molecules are not well
understood, there is data suggesting molecules from the Ig are in some way linked to
osteoblast cells.>” Within the Ig family, intercellular adhesion molecule-1 (ICAM-1) and
vascular cellular adhesion molecule-1 (VCAM-1) are both linked to osteoblasts through
ligands present on leukocytes, leukocyte function-dependent antigen-1 (LFA-1) and a4
integrins, respectively.’’ It is suggested that the potential functions of these Igs are linked
with osteoblast differentiation.®’

Selectins are a family of glycoproteins consisting of E-selectin, P-selectin and L-
selectin.’’ E- and P-selectin are expressed in endothelial cells and it is believed that both
E- and P-selectin are not key players in osteoblast adhesion or development.>” However,
L-selectin is expressed in human mesenchymal cells, a cell type capable of deriving into

1.37

an osteoblast cell.”’ For this reason, there is speculation that L-selectin might play a role

in osteoblast adhesion or development, but their function is unknown at this time.*’
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1.2.3.3 Cytoskeleton Proteins

Cytoskeleton proteins make up the internal structure of a cell. These internal
proteins include talin, paxillin, vinculin and tensin. Internal proteins are the connecting
link between the cellular cytoskeleton, known as actin filaments, and the membrane
receptor proteins or integrins. The connection points between the substrate and the cells
are known as focal adhesions. Focal adhesions vary in size and structure, and are closed
junctions that are composed of the various cytoskeleton proteins.'! Specific molecules are

involved in focal adhesions.'®

These molecules include the Src kinase family, focal
adhesion kinase, paxillin, and tensin.'%® Integrins and cadherins have a direct link into the
actin of the cell via the cytoskeleton proteins.!! As integrins cluster together forming
focal adhesions, they signal the tensin protein and focal adhesion kinase (FAK). Upon
being signaled, tensin and FAK phosphorylate recruit other cytoskeleton proteins such as
talin, vinculin and a-actinin.!' Proteins like vinculin and talin act as linking proteins to
other cytoskeletal proteins, integrins, signaling molecules and protein kinases.!! These
proteins participate in the signaling transduction pathways that relay messages through
the cytoplasm. The talin, vinculin and a-actinin then link to the actin filament responsible
for cell shape and cell adhesion maintenance.'’

Src kinases are molecules activated by growth factors during the formation of
focal adhesions while other molecules like kinase paxillin and tensin are turned on by
integrins. Src kinases start a signal cascading down to the ECM proteins and other growth
factors to relay messages from the integrins. These pathways, both intersecting and

convergent, evoke cellular responses such as gene expression, cell division, maturation

and self-destruction.’” ¢’ Thus, it is through intricate detail that molecules send

36



communicating signals from cell-to-cell and cell-to-substrate, all to promote cellular
adhesion, attachment, proliferation, differentiation, new bone formation and eventually

apoptosis (programmed cellular death),>” 66-68.70. 105. 106

1.2.4 Vascularization

Vascularization is achieved within a tissue-engineered scaffold upon the
formation of new blood vessels. The degree of porosity and interconnections of an
engineered scaffold, as previously discussed, have an important role in the development
of a vascularized network, capable of providing nutrients, growth factors and hormones
to the maturing cells, as well as removing cellular wastes and byproducts. However, it is
the angiogenic factors such as fibroblast growth factors (FGF), transforming growth
factor B (TGF-B) and vascularized endothelial growth factor (VEGF) that promote the
formation of a vascularized network in vivo.’”'”  VEGF is believed to play an
important role in bone metabolism as well as in the formation of new bone tissue. Harada
et al. demonstrated that prostaglandins E1 and E2, osteogenic stimulators commonly
expressed during osteoblast maturation, directly affect the. up-regulation of VEGF
expression.’” '*7 Prostaglandin E2 was also found to increase the mRNA and protein
levels of VEGF, thereby increasing the expression of VEGF. However, the effects of
prostaglandin E2 can be reversed by the addition of dexamethasome, a common
supplement for primary cell cultures.'®’

Although a complete functional role of VEGF is not well understood, it is known

to induce and control angiogenesis. The presence of a vascularized network contributes to

cellular differentiation, matrix mineralization and new bone remodeling. It is believed
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that the addition of angiogenic growth factors to tissue-engineered scaffolds would not
only aid in the growth and remodeling of new bone tissue, but also provide an important

framework for the development of a blood network.*’

1.3 Study Objective

The physiological system of bone and the functions of bone regeneration are an
extremely complicated process, yet one of the simpler systems of the body. Although it is
important to understand the comprehensive workings of the system, it is also important to
narrow the investigation in an attempt to solve one small piece of the overall puzzle. The
ensuing chapters focus on the development and characterization of dense and porous
bone scaffolds, the in vitro methods for measuring osteoblast proliferation and the effect
of sieved HA powder on cell proliferation and differentiation. The objective is to gain an
understanding of how cells interact with scaffolds in a controlled, simplified, in vitro
model. This preliminary work with dense scaffolds, foamed based porous scaffolds and
MC3T3-El osteoblasts provides insight for future in vivo studies investigating CaP-based
tissue-engineered implants. The fabrication of CaP-based scaffolds is a key component
for the development of a suitable engineered implant as discussed in Chapter 2. Chapter 3
will review in vitro methods for studying osteoblast proliferation on dense and porous
scaffolds. To conclude, Chapter 4 investigates the cellular differentiation and
proliferation of MC3T3-E1 osteoblasts on hydroxyapatite scaffolds of different lots

varying slightly in the surface and powder properties.
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CHAPTER 2

PROCESSING OF HYDROXYAPATITE-BASED
ENGINEERING BONE SCAFFOLDS

2.1 Introduction

Calcium phosphate (CaP) based scaffolds are a favorable material for bone
applications. Two of many different ceramic scaffold types are dense and porous. Dense
ceramic scaffolds are commonly processed by cold uniaxial pressing. Porous ceramic
scaffolds may be processed via different fabrication methods, including the polymeric
sponge method, the lost wax method, tape casting, slip casting with binders, and foaming,
to name a few.'%!'2 Dense scaffolds are often preferred for studying cell behavior, and
protein and growth factor adhesion because of the simplified, one-dimensional surface.
However, dense scaffolds do not approximate accurate structural representation of bone
which is naturally porous. Recent research has shown scaffold properties, such as degree
of porosity, surface roughness and surface chemistry greatly affect cellular behavior." '*
17 Furthermore, studying cell interactions on three-dimensional porous scaffolds provides
a more realistic model of natural bone.

There are three types of pressing which use pressure to compact ceramic powders;
uniaxial, isostatic and hot pressing. Uniaxial pressing compresses powder in a single
direction within a metal die.''® Ceramic scaffolds processed by this method are simple in
shape, easily produced, less time consuming, and more cost efficient. Isostatic pressing
compresses the ceramic powder in all directions. The ceramic powder is bagged in a

waterproof encasing, submerged in a pressurized fluid medium. Ceramic scaffolds

processed isostatically can have more complex shapes, but require longer fabrication
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times and therefore are less cost efficient.!"

Unlike uniaxial or isostatic pressing, hot
pressing combines ceramic powder pressing with ceramic sintering to potentially yield a
dense strong compact. Hot pressed scaffolds must be processed one at a time, making
fabrication time consuming and costly.'"?

The ceramic powder used for pressing can be either manually prepared with a
polymeric binder coating, or processed as-manufactured. Binders enable the ceramic
powder particles to adhere to each other by imparting additional strength to the green
compact, the. unsintered form of the pressed powder. However, binders can leave residues
toxic to the in vitro or in vivo cellular environment. /n vivo, binder residuals have been
shown to elicit localized tissue reactions such as inflammation that increases the potential
risk of infection and eventual rejection of the implant by the body. Fabricating dense
pressed scaffolds with as-manufactured ceramic powders eliminates the use of a binder,
and hence potential toxic residues resulting from insufficient burn-off of the binder
during sintering.

Porous ceramic scaffolds are often designed to model the porosities of cortical
and cancellous bone by incorporating a vascular network consisting of interconnected
macro- and micropores.’’ This vascular network supplies proteins and growth factors to
the cellular components, which are necessary for the deposition and mineralization of
new bone.>” Macropores ranging in size from 100 to 400 um are believed to be optimal
for cellular ingrowth.Z" 41.43. 44 Macropores filter the cellular and vascular components of
bone and blood vessels.! 2! Micropores typically less than 100 pm, are present within the
structure of the macropore wall, and greatly increase the total surface area for protein

adsorption and ion ':xchange.:Zl These pores provide a favorable surface for cellular
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adhesion and differentiation.! Micropores form interconnecting channels between the
macropores, which allow for the transport of nutritional fluids to the cells, and the
transport of cellular waste away from the cells, promoting bone growth.''*

There are many different processes by which porous ceramics are fabricated.
Some of these methods include polymeric sponge method, the lost wax method, tape
casting, slip casting with binders, and foaming.'”*"!'2 Arita et al. developed the polymeric
sponge method to fabricate porous hydroxyapatite (HA) sheets by tape casting with a
CaCO; gas-forming agent.'® Using this method, porous HA sheets were produced with a
porosity of 62%, however their limited pore diameter (<10 pm) restricted bone
ingrowth.'® The lost wax method yields porous ceramics from a negative replica of a
porous skeletal microstructure filled with ceramic slurry.'® During high-temperature
sintering, the wax burns off leaving an interconnected porous scaffold.'® Once again,
these fabricating techniques require the use of binders, which as was previously
discussed, leaves residues that are potentially toxic to the in vitro and in vivo cellular
environment.

Foaming was a technique originally developed by Ryshkewitch, where a viscous
Al O3 slip, produced from oxide powder and 0.2% polyvinyl alcohol solution, was mixed
with 4% hydrogen peroxide (H,0,).""" This slip was poured into an open aluminum
frame, placed into a drier and slowly heated to activate the H,O, gas, producing the
porous green bodies.!'! Foaming uses H,0; to produce gas bubbles that become trapped
within the drying ceramic. The original foaming process also used a polymer binder

incorporated into the viscous slip. "~ An alternative to this method is to use a binderless

process that involves foaming a ceramic slurry, colloidally stabilized in a suspension of
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ceramic powder and a indifferent electrolyte.''® Hignite ef al. concluded that eliminating
the use of binders from porous processing of CaP ceramics, improved the control of pore
development and resulted in pure CaP scaffolds, free from toxic chemical residue.'’’
Yang et al. also utilized H,0O, to foam porous biphasic calcium phosphate (BCP, 65% HA
and 35% BTCP) scaffolds, having a porosity of 61% and an average a pore size of 402
pm.""* This chapter will focus on detailed processing of uniaxial pressed dense scaffolds
and binderless foamed porous scaffolds, as well as useful methods for characterizing

scaffold properties.

2.2 Materials and Methods
2.2.1 Hydroxyapatite

Hydroxyapatite (HA, Hitemco Medical Applications, Old Bethpage, NY), one of
the more researched CaP bioceramics for bone applications HA powder, was used in this
study to fabricate both dense and porous scaffolds. This HA powder was fabricated by
the precipitation method, then sintered and sieved to obtain a fine range of particle
sizes.!'® The HA powders under investigation were processed by the conventional gravity
sieving method (G) or by a combination of conventional gravity sieving and airjet sieving
(GJ). The average particle size was 34.5 ym + 19.7 pym and 11.0 pym % 8.1 um for the

HA-G and HA-GJ powders, respectively.''s
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2.2.2 Fabricating Dense Scaffolds

Dense scaffolds were processed by uniaxial pressing as-manufactured (AR) G and
GJ HA at 13.8 MPa (2000 psi) for 1 minute using a Carver press (Carver Inc., Wabash,
IN). The powder was pressed into green compacts, 13 mm or 32 mm in diameter. The
green compacts were carefully removed from the die, placed on an alumina dish and
sintered at 1360°C for 4 hours in a 1612FL CM Box Furnace (CM Furnaces, Bloomfield,
NJ), with molydisilicide heating elements. The sintering furnace was programmed to
reach 1360°C in 2 hours with a controlled ramp up and ramp down rate of 11.3°C per

minute.

2.2.3 Fabricating Porous Scaffolds

Porous HA scaffolds were prepared by foaming a slurry consisting of HA powder
suspended in an indifferent (pH 7.4) potassium nitrite (10°M KNO;) electrolyte. H,0,
was then added as the binderless foaming agent. G and GJ powders were foamed into
both approximately 30% and 50% porous scaffolds. The approximately 30% porous
scaffolds were foamed according to an HA: KNOj3: H,0; ratio of 43: 55: 2 (by volume),
with an H;O; concentration of 5%. The approximately 50% porous scaffolds were
foamed according to an HA: KNO;: H,0; ratio of 36: 58: 6 (by volume), with an H,0;
concentration of 30%.

Using the appropriate foaming ratio, suspensions were prepared by uniformly
suspending HA powder in indifferent KNOj electrolyte. After thorough mixing, the H,0,
foaming agent was added to create a slurry. This slurry was then mixed vigorously by
hand until homogeneous, injected into cylindrical molds (Sil-mold-25, Synair,

43



Chattanooga, TN) and was dried for 1 hour at 125°C in a gravity convection oven
(Lindberg Blue, Asheville, NC) to evaporate the physisorbed water. These fragile green
compacts were gently removed from the mold, placed on an alumina sintering dish and
sintered at 1360°C for 4 hours in the 1612FL CM Box Furnace programmed to reach

1360°C in 2 hours.

2.2.4 Powder X-Ray Diffraction (XRD)

The bulk chemistry of the AR HA powders and the processed HA scaffolds was
determined using powder XRD (Rotaflex, Rigaku, Japan). XRD was also used to confirm
the phase purity throughout the processing steps of the dense and porous scaffolds. The
resulting scans of the processed scaffolds were referenced to standard patterns from the
Joint Committee on Powder Diffraction Standards (JCPDS) database and to the resulting
control scans of the AR powders. The specimens under investigation were ground by
mortar and pestle into a fine powder visually comparable in consistency to the AR
powders in preparation for analysis. The ground powders were then placed on a low
background holder and scanned between 20 values of 20° and 60° with a step size of 0.05
at 2° per second, using monochromatic Cu Ka x-rays. The sizes used for the DS, RS,

RS and SS slit filters were '/¢°, 0.3, 0.45 and '/¢°, respectively.

2.2.5 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR (Spectrum BX, Perkin Elmer, Wellesley, MA) was used to analyze the

chemistry of the dense and porous scaffolds processed from both G and GJ powders.
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These scaffolds were prepared for FTIR in a manner similar to XRD; ground by mortar
and pestle into a fine powder comparable in consistency to the AR powders. The powder
was carefully spooned into the detector, and scanned by a KBr beam splitter. Eight
single-beam scans were collected over the range of 650 to 4000 cm™, in 1.0 cm™ intervals
with a resolution of 2.0 cm™, and averaged to yield the resulting IR scans. An ATR-cell
was in collecting a single-beam background spectrum that was subtracted from the test

scans to obtain a spectrum for the HA powders.

2.2.6 Scaffold Imaging

The scaffolds were imaged by scanning electron microscopy (SEM) using a JEOL 6300F
(Japan Electron Optics Laboratories) microscope, with a field emission gun. Each
specimen was coated with a thin layer of gold to aid in conducting the electrons over the
ceramic surface. SEM imaging was performed at an accelerating voltage of 15 keV, with
a working distance of 15mm. The SEM images were used to determine the grain size of
the dense scaffolds, by the line intercept method.''> Macro- and micropore sizes of the

porous scaffolds were measured using SPOT Imaging software.

2.2.5 Porosity Determination

Two methods were used to determine the porosity of the porous scaffolds,
Archimedes volume displacement and mercury porosimetry. The Archimedes method
followed the ASTM standard (C20-97) with slight modifications to accommodate smaller

scaffolds sizes. Using Archimedes method, the porosity was calculated from the sample
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dry mass, suspended mass and the saturated mass. All specimens were dried at 125 °C for
1 hour in a gravity convection oven to evaporate any excess moisture, and then weighed
to obtain the dry mass. Subsequently, the scaffolds were placed in clean, individually
labeled beakers filled with distilled H,O and placed under vacuum conditions to force
trapped air within the inner pores out of the scaffold. A vacuum was drawn to 0.84 atm
(25 inHg) for 10 minutes, then released and drawn again to 0.87 atm (26 inHg). After 30
minutes, the pressure was released. A vacuum was then drawn to 0.90 atm (27 inHg) for
another 30 minutes. This process was repeated until no more air was extracted from the
scaffold in the form of bubbles. Using a special apparatus for density determination, the
suspended mass was collected. The scaffolds were lightly rolled on a clean, dry cloth and
weighed to obtain the saturated value. From the dry mass, suspended mass and saturated
mass, the porosity was calculated (Appendix A).

Mercury (Hg) porosimetry was used to verify the scaffold porosity. Hg-
porosimetry results were collected using an AutoPore IV porosimeter and AutoPore
software (Micromeritics, Norcross, GA). The porous scaffolds were assembled in a 0.387
cm® solid sample penetrometer and run under both low and high pressure analyses
conditions. Low pressure analysis filled the penetrometer chamber with Hg and
pressurized the chamber up to 3.5 atm (50 psig). Upon completion of the low pressure
analysis, the penetrometer assembly was weighed. The mass of the assembly was input
into the AutoPore software for the final porosity determination post the high pressure
analysis. The high pressure analysis pressurized the Hg in the chamber to 204.1 atm
(3000 psig) forcing the Hg to infiltrate the open pores and calculate an intrusion volume

which was used in the calculating the porosity.
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2.2.8 Surface Profilometry

The arithmetic mean surface roughness (R,) of the dense scaffolds, measured
using a Hommel RC4000 profilometer (Hommelwerke), was calculated over a
measurement length‘of 10 mm at a velocity of 0.5 mm per second. Six, randomly selected
dense scaffolds (n=6) were used in the determination of the R, value. Three
measurements from each HA scaffold, were collected, averaged, and used for the
statistical analysis. Statistical significance for the R, values was determined using one-
way ANOVA analysis, with a Tukey post-hoc test. Statistical significance was

considered if p < 0.05.

2.3 Results and Discussion
2.3.1 Dense Scaffolds

During this study, observations were made regarding dense pressing that greatly
impacted the quality and uniformity of the HA scaffolds. The first observation involves
evenly distributing the HA powder within the die chamber. Evenly distributed powder
minimizes density gradients, thereby reducing the number of internal cracks and defects,
yielding a more uniform dense scaffold. Uniformly and non-uniformly dense scaffolds
also have distinct color differences. Uniform scaffolds appear to have a consistent pale
blue-green color post sintering, whereas non-uniform scaffolds have distinct light and
dark blue-green shaded regions, post sintering (Figure 4). Uniform discs were also found

to be easier to remove from the die without breakage, leading to the next observation.
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Figure 4: These digital images of sintered dense pressed HA scaffolds depict a uniformly
dense scaffold (A), a non-uniformly dense scaffold (B), and a contaminated dense HA
scaffold (C). The uniformly dense scaffold is uniform in color where the non-uniformly
dense scaffold have has distinct light and dark shaded regions. The contaminated scaffold
has a speckled appearance as compared to the non-uniform scaffold.

The manner in which scaffolds were removed from the die chamber also impacted
the disc quality and uniformity. Although evenly distributed powder within the die
chamber minimizes internal defects and small cracks, it was important that extreme care
be used when removing the discs to prevent breakage or chipping of the scaffold.

Lastly, cleanliness of the die and the die components was essential in the

prevention of agglomeration buildup along the chamber walls which impacts the quality
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of the dense scaffold. When the die and die components were not cleaned regularly,
agglomerates that had built up along the chamber wall would break off and embed into
the pressed scaffold. These interactions between the pressed scaffold and the
agglomerates resulted in density gradients which increased the internal defects and small
cracks, reducing the quality and uniformity of the scaffold.

The dense sintered (dS) HA scaffolds were characterized for their material purity
using powder XRD and FTIR. The bulk chemistry results of the processed dS scaffolds
were obtained from XRD. The XRD scans for the dS HA scaffolds show slight changes
in the peak—to—peak height ratio and broadening of the peaks. These slight changes that
occurred during the sintering of the material suggests the dS HA has a more amorphous
HA structure than the AR HA. However, the location of the peak positions did not
change during the sintering of the dS HA scaffolds, confirming that the HA phase purity
was maintained throughout the processing of both the dS HA-G and dS HA-GJ. The
XRD scans were referenced against the AR powder control scans and the JCPDS HA

PDF # 09-0432. (Figure 5)
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Figure 5: This figure shows the XRD scans that compare AR G and GJ HA and dS G
and the GJ HA. All scans demonstrate the characteristic HA peaks as referenced to
JCPDS PDF# 09-0432. The G and GJ AR scans are comparable in that they have similar
peak-to-peak height ratios, peak positions and peak width. This indicates the bulk
chemistry of the G and GJ AR HA powders are analogous. When comparing the AR
powders to the G and GJ dS HA, the peak positions are also comparable, demonstrating
the HA phase purity was maintained during processing of the dS HA scaffolds. The peak-
to-peak height ratios changed for dS HA, as was slight peak broadening observed. These
slight changes in the dS HA, which occurred as a result of sintering, suggest a decrease in
the crystallinity. No significant chemistry differences were observed between the G and
GJ dS HA scans. Each scan represents one scan from three independent samples scanned
for each scaffold type.
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