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ABSTRACT

Surface of implant material is in direct contact with body environment. Therefore,
successful implantation requires compatibility between physical and chemical properties

of the surface and the body environment'
Bioinert ceramic materials (e.g. Alumina and Zirconia) provide unique properties
such as high wear and corrosion resistance as well as the mechanical strength. Surface

modification

of these materials, either chemically or physically, is a suitible way to

increase the biological acceptability of the material in the human body, without trading

off bulk properties.
Alumina has been used for orthopedic and dental restorations for several decades.

In the present study, Alumina surfaces were modified both physically and chemically to
increase osseointegration and possibility of fixation.

The first approach was physical alteration of the surface by a simple etching
process to introduce micron and nano-size surface inegularities

surface area

to increase the available

for improved cell attachment. As a result of chemical etching, a thin film

formation (sodium p-alumina) that enhances surface response to the biomimetic coating
procedure in Simulated Body Fluid (SBF) was also observed
The second approach was directly coating alumina surfaces with a bioactive layer,

such as Hydroxyapatite (HA).

A novel method was introduced to achieve high quality

HA coating on alumina surfaces. This method includes direct pyrolysis of the coating

sol

at relatively low temperatures. Resulting coatings (Ca-P coating) were also subjected to
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biomimetic coating procedures to achieve bone-like apatitic coatings on alumina
surfaces. Both physically and chemically modified swfaces were cell cultured with
osteoblast-like cells to evaluate the effect of modifications.

TABLE OF CONTENTS
Page

TITLE PAGE

i

ABSTRACT

ii

DEDICATION

iv

TABLE OF CONTENTS

v

vii

LIST OF TABLES
t

LIST OF FIGURES

viii

CHAPTER
I.

INTRODUCTION
References

II.

1

t3

CIIEMICAL ETCHING OF ALUMINA IN HOT BATHS
OF ALKALINE SALTS...............
Abstract

t7
t7

Intoduction ...............

l8

Experimental Section
Surface Morphology & Chemisfy...........
Surface roughness
Mechanical properties
Biomimetic application ...............
Cell culture ...............
Cell Viabihfy ............
Total protein arnount determination assay

2t

Results and Discussion .........'

26

22
22
23
23
25

25

26

vi
Table of Contents (Continued)
Page

M.

Conclusions ...............

42

References

43

COATING OF ALUMINA WITH

CALCIUM

PHOSPATES...............

47

Ab'stract

47

Introduction ..............

48

Materials and Methods .............
Substrate preparation
Coating
C o ating char actetization te chniques.
In Vitro study.........

53
53

deposition

&

....

.. . . . . ..

..

.

54
56
56

Results and Discussion ..........

57

Conclusions ...............

73

References

74

LIST OF TABLES
Table

Page

l.l

Mechanical Properties of Sintered, Non-porous Hydroxyapatite,
Alumina and Human Compact Bone.........

t.2

Comparison of Applicable Thickness, Advantages and
Disadvantages of Different Coating Methods for Biomedical
..:............

Applicatiorxi..............

t2

2.1

Chemical Composition of Alumina Substrates.

22

2.2

Preparation of SBF Solution....

24

2.3

Surface Roughness Values Before and After Etching.....

33

3.r

Chemical Analysis of Alumina Substrates.

53

3.2

Heat Treatnent Scheme for Coating Deposition

55

LIST OF F'IGURES
Figure

Page

Reactivity of Bioceramics in Physiological Conditions............
\xzu
Alumina Rich Portion of NzO-AlzO3 Binary Phase
Diagram.

28

XRD Pattern of AlzOl Powder Prior to the Treatment
Showing Single Phase Alpha Alumina. b)XRD Pattem of NaOH
Treated AlzOl Powder (*) NaAllorz,(+) cr- AlzOl.

29

2.3

Alumina Surface prior to treatment

31

2.4

SEM Micrographs of (a) Surface Morphology After NaOH
Etching 4 min. After NaOH Became Molten, (b) Higher Mag.
Image of the Surface, (c) Dissolution of Individual Grains with

1.1

2.1

2.2

5

a)

Preferred Orientations 3 min. After NaOH Became Molten, (d)
Surface Morphology 8 min. After NaOH Became Molten
Exposing the New Grains Under Surface.....

32

2.5

Results of 3-point Bending Test on Etched Surfaces....

JJ

2.6

Surface Proliferation images...

34

2.7

Cell Viability on Alumina Control and NaOH Etched Samples
After 3 days.......

38

2.8

Stress Fibers Associated with Vinculin Adhesion Plaques
Anchoring the Cell to the Nano-rough Surface. Insert is Low
Image of Surface Covered with
Magnification
Osteoblasts

39

2.9

Total Protein Concentrations

40

2.t0

SEM Images of Untreated and NaOH Etched Samples Soaked
Into SBF for 1 Week. (a) Low Mag. Image of Untreated Surface,
(b) High Mag. Image of Untreated Surface, (c) Low Mag. Image
of NaOH Etched Surface, (d) High Mag. Image of NaOH Etched
Surface, (e) High Mag. Image of HA Sphere.......

41

vill
List of Figures (Continued)
Figwe

Page

3.1

DT/TGA Trace of the Starting Materials

58

3.2

FE-SEM Micrographs of Ca-P Coating on the Surface of
Alumina (a) Low Magnification O) High Magnification

60

SEM Micrographs of Ca-P Coating on the Surface of Alumina
(a) Low Magnification (b) High Magnification

6t

FE-SEM Micrographs of l-week SBF Soaked Ca-P Coatings. (a)
Low Magnification (b) High Magnification ...........

62

3.3

3.4

3.5

X-ray Diffraction Patterns of (A) Ca-P Coating (B) l-week SBF
Soaked Ca-P Coating. Insert; X-ray Diffraction of Human Bone.

('

)CaO, (f)TCP, others HA............

66

(a) FT-IR Spectra of Ca-P Coating. (b) FT-IR Spectra of 1-week
SBF Soaked Ca-P Coating

67

3.7

Cell Viability Results

69

3.8

Total Protein Concentration

70

3.9

SEM Micrographs of Cell Attachment on the (a) Alumina
Control Sample (Low Mag.) , (b) High Mag., (c) Ca-P Coated
Sample (Low Mug.), (d) High Mug., (e) SBF Soaked Sample

3.6

3.10

(Low Mag.), (f) High Mag .........

71

FE-SEM Micrographs of (a) Vinculin Adhesion Plaque Attached
to the HA Platelet, (b) Vinculin Adhesion Plaques in contact
with HA Globules Associated with Stress Fibers (Filipodia) on
SBF Soaked Sample, (c) Spread Actin Cytoskeleton on the
Globules Associated with Vinculin Adhesion Plaqes....

72

CHAPTER

I

INTRODUCTION

1.

Biomaterials

National Institutes of Health has formally defined a biomaterial to be "any
substance other than a drug, or combination

of substances, synthetic or na"lural in origin

which can be used for any period of time as a whole or as a part of the system which
treats, augments, or replaces any tissue, organ or function of the body" [1]. The uses

of

biomaterials include replacement of a body part that has lost function due to disease or
trauma, to assist in healing, to improve function, and to correct abnormalities [2].

There are many factors, which influence implant biocompatibility such as implant
size, morphology, chemical composition, porosity, surface texture, surface wettability
and/or hydrophilicity, surface roughness, and surface charge.

For a material to be considered biocompatible, any undesirable reactions (such

as

fibrous encapsulation) that may develop at the blood/material or tissue/material interface

must be minimal. This requires a biomaterial to interact as a natural material in the
presence

of blood and tissue. It might be much easier to define what a biomaterial should

not be. A biomaterial should not cause thrombosis which is the formation or presence of a

thrombus (a clot
vessel.

of coagulated blood

attached at the site

of its formation) in a blood

It should not destroy and sensitize the cellular elements of blood or cause adverse
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immune responses. An implant material should not alter plasma proteins (including
enzymes) so as to trigger undesirable reactions, like malignant tumor or cyst formation.

Lastly, it should not produce any toxic and allergic responses by the host tissue [3]. Most

of the implant materials do not satisfy the above conditions completely, with the
exception of calcium phosphates (CaP). This special case of calcium phosphates will be
discussed later on Bioceramics section.

When a foreign material is placed into a biological environment, certain reactions

take place between host and material. No synthetic material

will be completely

harmonious with the living environment; however, materials have different levels of

reactivity. Implantable materials all have inherent morphological, chemical, and surface
qualities, which cause responses from the surrounding biological environment.

There are three major types of biomaterials in terms of interfacial response of

tissue: "nearly inert materials", "materials with controlled reactive surfaces", and
"resorbable materials" [4].

When a bioinert material is used, a thin fibrous tissue typically encapsulates the
implant to separate it from the host tissue. Bioinert materials are thus attached to the host

only through mechanical interlocking. The fibrous tissue causes the lack of adhesion
between the host and implant that results in motion of the tissue-implant interface under
stress or deformation. Movement at the biomaterial-tissue interface eventually leads to

deterioration in function of the implant or of the tissue at the interface or of both [51.

A

surface reactive biomaterial

is designed to form

chemical bonds at the

implant/host interface rather than minimize it. After implantation in the host, surface
reactive materials form strong bonds with nearby tissue [6].
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In

contrast, a resorbable biomaterial

is designed to be replaced ultimately

by

regenerating tissues, eliminating the original interface altogether [4].

The ultimate aim is to produce such implant materials that are able to imitate
natural response upon implantation. Among various applications, bone substitutes

are

particularly challenging due to the chemical complexity and dynamic nature of the bone.
Human bones consist of organic and inorganic portions with little amount of water. In

that sense, bones are composite materials. Mineral portion of human bone is usually

referred

to as calcium hydroxyapatite (HA), having the chemical formula of

CaroPO+)o(OH)r. In fact, biological apatite differs from pure HA in many ways. Bone

mineral

is

non-stoichiometric, calcium-deficient

(with respect

to stoichiometric

hydroxyapatite), poorly crystalline, carbonated, and contains small amounts of substitute

atoms and groups. The more appropriate chemical formula
cal6-x+J'{ay(HPo4,Poa)e-*(cos)*(oH)z-r*u

for the bone mineral is

for Na, K, and/or Mg

inclusions

and

substitution of cor2- for Poa3- or oH'with the presence of ca vacancies [7].
The design of bone substitute materials has to account for the biological activity

of the body.

Bones undergo constant remodeling, with the skeletal tissue being

continuously resorbed and re-deposited in order to maintain skeletal integrity, shape and
mass

in unison with the biomechanical forces. Bone remodeling takes place primarily

through three types of cells: "osteoblasts", "osteoclasts", and "osteocytes". Osteoblasts

are responsible for bone mineral deposition. Thereby, they are also known as bone
making cells. Osteoclasts are large multinucleate cells found in growing bone that resorb
bony tissue. Osteocytes are branched cells embedded in the matrix of bone tissue, which
orchestrate osteoblast and osteoclast activity. The continuance of normal bone integrity

]l
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and mass depends on interactions between osteoblasts, osteoclasts and osteocytes to keep

the processes of bone resorption and formation in balance. Ideally, for a rnaterial to be
used as a bone substitute,

it

has to take part

in bone remodeling, has to maintain

mechanical properties during the remodeling process, and has to resorb
manner.

If all the above criteria

its

in a controlled

are satisfied, the result is the newly remodeled bone [8],

with the disappearance of the original implant material.
The wide variety of biomaterials used for clinical applications can be divided into
three categories based on chemical structure: "mstals", "ceramics",

ild

"polymers".

2. Bioceramics

A wide range of ceramic materials are currently used in biomedical applications,

from chemically pure oxides, such as alumina, to the chemically complex bone-like
calcium phosphates. [9]. Bioceramics can be categorized by their degree of chemical
reactivity. Oxide ceramics are often used for their relatively inert behavior. At the other
extreme, resorbable bioceramics are highly reactive

in the physiological

environment.

Finally, surface reactive materials have intermediate reactivity and are designed to
provide direct bonding.

Three broad categories

of bioceramics

based on chemical reactivity with the

physiological environment have been defined by Hulbert et al. as illustrated in Figure

ll0l.
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Fig. 1.1 Reactivity of Bioceramics in Physiological Conditions.

Relatively inert bioceramics, such as alumina and zirconia, tend to exhibit low
levels of reactivity which peak on the order

of 104 days.

Sr:rface reactive biocerarnics,

such as hydroxapatite (HA) and Bioglass@, have a substantially higher level of reactivity

peaking on the order

of

100 days. Resorbable bioceramics, as an example TCP

(tricalcium phosphate, Ca3(PO+)z), have even higher levels of reactivity peaking on the
order of 10 days.

Calcium phosphates (CaP's) are biocompatible, nontoxic, resorbable, cause no
inflammatory response, and have excellent osteoconductive ability [11]. In other words,
calcium phosphates do not cause the formation of fibrous encapsulation observed as a

result of the precautionary immune system response to numerous cytotoxic substances

9
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when implanted. They are osteoconductive since they readily allow for in yiuo bone
formation on their surfaces within a rather short period

of time after

implantation.

However, their inherited poor mechanical properties restrict their usage in load-bearing
applications such as, bone substitutes. This eventually lead

to

extensive research on

mechanically strong but bioinert materials (like surface processed titanium or nano-size
alumina) as implants or various coating procedures to combine advantages of bioactive
surfaces and mechanically strong substrate materials.

3. Bioinert Ceramics

Bioinert ceramics maintain their physical and mechanical properties while they
are in the host, and they do not take part in the bone remodeling processes. They resist

corrosion and wear under physiological conditions. Examples

of relatively

bioinert

ceramics are dense and porous alumina, zirconia, and single phase calcium aluminates.

Bioinert ceramics are typically used as structural-support implants

[2].

Some of these

are bone plates, dental implants, bone screws, and femoral heads.

3.1 Alumina (AlzOg)

High purity alumina has been used for biomedical devices because of its high
strength and hardness values compared to other bioceramics. These superior mechanical
properties make AlzOl useful for load bearing applications, such as orthopedic and dental
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implants. Table 1.1 presents some important mechanical properties

of compact

human

bone, sintered hydroxyapatite and alumina for comparison.

To achieve osseointegration (bone ingrowth), an implanted ceramic must have an
interconnected porosity, of 55 to TTYo.Interconnected porosity together with pore sizes of

100-200 pm, allow osteoblasts

to grow over and into the pores, leading to

osteoid

formation that can mineralize within the pores. It is a well known fact that with increased
porosity, i.e. partially dense ceramic, mechanical properties of ceramic materials decline
drastically. Thus, one has to be careful with the values shown in Table

l.l

since they are

for fully sintered and dense ceramics, which may never find any biomedical applications
or use due to their lack of required porosity.

For decades researchers have been investigating the biocompatibility of alumina
in every aspect. Evaluation of biocompatibility is made to provide assurance that the final
product

will be safe for

human use and perform as intended..

In vitro (Latin: ,within

glass') tests based on cell culture is the simplest and inexpensive method

to

analyze

cytotoxicity, sensitization, systematic toxicity, and genotoxicity (mutagencity) which are
associated

with biocompatibility

[1

7].

It is generally accepted that alumina undergoes no chemical change during long
term exposure to the physiological environment. Several studies reported that alumina is
non-cytotoxic [18-19] and do not cause any toxic reactions or mutation [20]. One another
method of determining the biocompatibility of the candidate materials is to examine in

vitro

osteoblast attachment on those materials. Direct and

tight attachment of bone on the

materials is the main prerequisite for long-term clinical success of these implants. Bone

formation depends mainly upon the metabolic activities of osteoblast cell. In vitro test
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results using osteoblast-like cells showed well attachment and proliferation of cells on
alumina surfaces [21]. Moreover, formation of contiguous cell layer with intimate cell-tocell contacts was also observed on dense alumina samples [22].

Table 1.1 Mechanical Properties of Sintered, Non-porous Hydroxyapatite, Alumina and
Human Compact Bone

Compact human

HA (ref. 13,14)

Al2O3 (ref. 15,16)
bone

38

250-300

49

120

3450-4000

133

3.0-7.0

12.0-26.5

35-120

380-406

17.0- 18.9

0.8-1.2

3.0-4.1

2-12

Tensile Strength, MPa

Compression Strength, MPa

Hardness

(HV), GPa

Young's Modulus (E), GPa

Fracture Toughness, (K6), MPa.mrD

Another important factor in determining the acceptance of implants is the plasma
protein adsorption capacities [23]. After implantation, proteins immediately adsorbed on

to the surface of the biomaterial. Thus, adherence of cells depends on the adsorption of
plasma proteins.

In spite of the fact that numerous in vitro tests for durability and biocompatibility,
as well as animal investigations, are undertaken before clinical use

of implant

devices,

9

In spite of the fact that numerous in vitro tests for durability and biocompatibility,
as

well as animal investigations, are undertaken before clinical use of implant

devices,

pathological analysis of explanted devices and long term histological evaluations help in

the determination of their safety and efficiency. Long-term effects of
components and their perfornance were reported

Piattelli et al. 124-26].

All

alumina

by Mittlemeier et al., Dorlot

these reports indicated successful implantation

of

and

both

orthopedic and dental alumina components even under cyclic loading.

Cell behavior on biomaterial surfaces depends on implant cell

interactions

correlated with surface properties. Roughness, texture, chemical composition, charge and

morphology strongly affect cellular responses in contact with the implant [27]. Increased
surface roughness is associated with better cell adherence, higher bone-implant contact

and improved biomechanical interaction [28]. Therefore, the effect of increased surface
roughness on cell proliferation and activity was investigated and presented in Chapter 2.

A chemical etching procedure to obtain rough surfaces is also described in detail in this
chapter. Although, several reports indicated the effect of smaller grain size may have a

positive effect on cell proliferation on alumina surfaces,

study. Additionally, to test bioactivity

it is beyond

the scope of this

and the apatite-inducing ability, the roughened

alumina swfaces were soaked in synthetic body fluid (SBF) for a period of one week.
The details of SBF soaking are given in Chapter 2.

10

4. Coatinss

Although increasing the available surface area improves cell proliferation and
enhances

cell attachment, alumina still remains bioinert. As indicated above, HA is

biocompatible and bioactive in human body.

It rapidly interactes into human body and

will bond to bone chemically. However, poor mechanical properties restrict its usage in
bulk form for load-bearing applications such as orthopedics and dentistry. Coating
hydroxyapatite onto mechanically strong materials

is a promising

solution

to

this

problem. Thus, HA can exploit the biocompatibility and bone bonding properties, while
the metallic or ceramic materials have the required mechanical properties. They beneht

from the hydroxyapatite, which provides a bioactive layer for bone to bond contact and
anchors the implant and transfening load to skeleton. Some techniques that have been
used are summarized in Table 1.2. Among the techniques outlined in Table 1.2, thermal

spraying/plasma spraying is the only commercially available method for producing HA
coatings. The effect of high temperature procedures to the coating quality was outlined in
section 3.1.

Hydroxyapatite coating using sol-gel process has several advantages. High purity
coatings are processed at low temperatures, variety of starting chemical and small grain

formations increasing the surface area can be count as the advantages of sol-gel process.

However, long processing times (i.e. 24 hours or longer) are required to obtain high

purity coatings and desired thickness. Chapter 3 investigates the possibility of forming
HA coating on smooth alumina surfaces employing a similar process to sol-gel. This new

l1
approach eliminates the long processing times by direct deposition of the coating on the
surface.

Biomimetic coating is an fie si/z process to deposit an apatite layer on the surfaces

of implants which is chemically similar to bone mineral under physiological conditions
(at 37'C and pH

7

.4). The coating medium is generally referred as simulated body fluid

(SBF) [29]. Ca-P coating grown from a fluid at physiological conditions preserves the
carbonated

natwe

of

apatitic phase since hydrogen carbonate groups cannot

be

maintained in the system temperatures higher than 650oC. Moreover, magnesium, sodium
and potassium ions

in SBF solutions are chemically incorporate into the struiture of Ca-P

coatings. Since coating procedure is taken place in fluid medium and ion concentrations
are very similar to human blood plasma, Na*,

K,

Mg'*, COs'-, HPO+2' and water

are

readily incorporate into the Ca-P coating [30]. Unlike high temperature methods (e.g.
plasma spraying), biomimetic coating application deposits non-stiochimetric, carbonated,
defective and poorly crystalline apatite which is similar to the bone mineral.

Chapter

3 also includes the conversion of HA

coating obtained

by

direct

deposition technique on dense alumina substrates into bone-like apatitic phase using SBF

solutions.

A

detailed in vitro evaluation of crystalline hydroxyapatite coatings versus

bone like apatitic phases was also included in Chapter 3.

t2
Table 1.2 Comparison of Applicable Thickness, Advantages and Disadvantages of
Different Coating Methods for Biomedical Applications.

Applicable
Method

Advantages

Disadvantages

Thickness (pm)
o Rapid deposition

Electrophoretic

.

o Can coat complex

High temperature
sintering

t-100
shapes

[31]

o Non--uniform coating
thiclsress

Thermal Spray

High deposition rates

High temperatures

Inexpensive

induce decomposition
*
Can not coat complex

l0-1000

[32,33]

shapes

.

Sputter Coating
0.2-l
134,351

Uniform coating

.

Low deposition rate

thickness on flat

.

Expensive

surfaces

o Time consuming

High quality coating

o Maximum applicable

Low temperature

Sol-gel (spin and

processing

dip-coating)

0. I

coating thickness

o Time consuming (if

-l 000
multiple times

t35l

application required)

t3
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CHAPTER

II

CHEMICAL ETcrrrNG oF ALUMTNA rN MICROWAVE-MELTED NaoH
BATHS

Abstract

Dense and sintered alumina (Al2O3) is chemically inert to most chemical (either

acidic or basic) treatments. Two of the most commonly used etching processes used for
alumina are

(l)

thermal etching in air or in corrosive gases, arrd (2) etching within hot or

boiling acids. Surface roughened aluminas are expected to display an increased level of
attachment to the host tissue, i.e., long bones and jaw bones. Properly roughened alumina
components, with a reproducible surface texture, should find numerous new uses in fields
such as dental restorative and orthodontic fields.
Dense alumina substrates were placed in NaOH pellets and heated in a microwave
oven for five minutes. The technique developed in this study caused the initial dissolution

of alumina grains, accompanied by erosion of the surface, as well as the formation of
sodium aluminate phases (e.g. NaAlrrOrz) on the nanorough surfaces. Cavitation
morphology and surface chemistry were studied
properties

by SEM and XRD.

Mechanical

of the samples were determined before and after the etching process. The

effect of sodium aluminate phase for biomimetic coating applications was investigated.
Cell culnre tests were also performed.

n

l8

l.Introduction

Cell behavior on biomaterial surfaces depends on implant cell

interactions

correlated with surface properties. Roughness, texture, chemical composition, charge and

morphology strongly affect cellular responses in contact with the implant

[].

It is well

known that surface geometry determines the interactions of proteins and cells with the
implant surface [2]. In that sense, a high degree of osseointegration can be achieved by

large implant surface. Increased sr.rface roughness

is associated with better cell

adherence, higher bone-implant contact and improved biomechanical interaction [3,4].

Thus, a rough structure enlarging the surface area of implant leads to an improved bone
bonding surface without depending on coating methods [5]. Pillar et al. suggested that an
increased roughness promotes the bone-anchoring ability

of implant by increasing

interlocking capacity of the surface. Therefore, a favorable stress distribution

the

will

obtained by the functional loading of an implant at the interface [6]. Additionally,

it

be

is

reported that an increased surface roughness promotes osteoblast function [7,8].

Alumina is currently used for orthopedic and dental implants because of its bioinertness, non-cytotoxicity and high strength [9-11]. Moreover, long term follow-ups
showed the success

of alumina implant materials especially for hip prostheses [2,13].

Single crystal alumina oxide has also been used in dental implants with some success

tl4l.
For several decades, researchers have been investigating the corrosion behavior
and etching

of

alumina for high temperature refractory applications. Dense, sintered

alumina is chemically inert to most chemical treatments, and presents difficulties to etch
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its surface. The surface inegularities created by etching would enhance

subsequent

micromechanical or chemical bonding of the sintered alumina substrates. Two of the

well-known etching processes used for alumina are: thermal etching in air [15] or in
corrosive gases 116,171, and etching within hot
phosphoric acid

or boiling hydrofluoric, sulfuric or

[8,19]. Etching of alumina with hot or molten alkaline salts using

conventional techniques has been reported previously 120-221. Earlier interest in etching
alumina was generally for the usage of the electronic packing industry and surface finish
applications. Test conditions were varied from hot alkaline salt baths to molten alkaline
salts for periods of minutes to days. None of those studies include microwave assisted
etching of alumina in alkaline baths.

The second part of the research investigates the possibility of bone-like apatite

formation on the chemically and morphologically modified alumina surfaces. Bone
consists of an organic compound (20-25% weight), an inorganic compound (70%) and a

water component (5%). The organic compound is largely Type

I

includes bone cells (Osteoblast, Osteocyte and Osteoclast) and

a small amount of

noncollagenous protein. The inorganic portion
hydroxyapatite (HA), predominantly

Having the chemical formula

of

collagen, but also

of the bone and teeth consist of

in the impure calcium phosphate

Caro-*(HPO+)*(POa)5-*(OH)z-*,

(CaP) form.

it is also known as

calcium deficient hydroxyapatite. Besides magnesium, sodium, and potassium, the chief

constituent

of the hard

tissues (bones)

is the poorly crystalline, calcium

deficient,

carbonate containing apatite phase.

Simulated body fluid has the ability to mimic human blood plasma since ionic
concentrations of both are almost identical (like TAS-SBF or r-SBF). Furthermore, these

20

supersaturated Ca-P solutions have the ability to coat suitable metal and ceramic surfaces

with bone-like apatite under physiological conditions. Different from stoichiometric HA

both morphologically and chemically, this type

of

osseointegration. Few studies have been conducted

coating greatly increases

to

the

combine the advantages of

biomimetic coating under physiological conditions and mechanically strong and bioinert
ceramics

like alumina and zirconia. Li et a/. compared apatite inducing abilities of

hydrated silica, titania and alumina in SBF coating solutions. Although, apatite formation

was observed on titania and hydrated silica samples, they reported insufficient apatite

formation on alumina surfaces even after three weeks

in simulated

body fluid [23].

Uchida et al. investigated apatite inducing ability of nrconia/alumina nano-composite in
SBF solution after the samples were chemically treated by NaOH at 95oC for four days.

They concluded that Zr-OH groups on the composite serve as the sites for apatite
nucleation rather than AI-OH groups. They claimed that the positively charged AI-OH
surface inhibits the apatite nucleation in simulated body fluid

with pH7.a

p\.

One solution might be forming an intermediate layer, which increases the affinity

of the surface. In that sense, sodium p-alumina rnight be a suitable candidate. Sodium
ions can be released from the alumina surface into the surrounding body fluid and
substitution of Na* ions with HIO* andl/or

C**

may be effective for the apatite nucleation

on the alumina surfaces.

The present study can be divided into two parts. First part investigates the
chemical alkali etching of alumina surfaces assisted by microwaves. Additionally, effect

of swface roughness on osteoblast proliferation and function is also investigated. Second

2l
part of the research investigates the effect of surface chemistry changes due to the formed
etching by-products on biomimetic coating applications.

2. Experimental Section

gg.8% purity a-alumina substrates were purchased from CoorsTek@ (CoorsTek

Inc. CO, USA). Chemical analysis of alumina was obtained from the manufacturer and
shown in Table 2.1. Received substrates were cut into

lxl cm square samples for the

handling ease with a diamond saw. Samples degreased

in acetone

and cleaned with

distilled water in an ultrasonic bath.
Etching process is as follows: (i) alumina samples were placed at the bottom of a
Pyrex@ glass beaker.

(ii) AlzO:

(Fisher Chemicals, NJ, USA).

sample was completely covered

by 15 g NaOH

pellets

(iii) Reaction beaker was placed in a domestic microwave

oven (Sunbeam SBM7700W, LG Electronics, NY, USA) and microwave radiated (mid-

power setting, 450 W) until NaOH became molten. The required time for the most
preferred morphology

is

determined as

4 minutes additional

radiation after NaOH

became molten. Samples were recovered in boiling water and cleaned

with distilled water

in an ultrasonic bath for 15 minutes.

!
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2.1 Surface Morphology

& Chemistry

Surface morphology of the as-received and etched samples was studied by Field

Emission SEM (Hitachi 3500, Hitachi 4700, Hitachi Corp. Japan). A XDS 2000 CXRD,
Scintag Corp. USA) equipped with a monochromated Cu Ko radiation source was used to
characterize surface chemistry. The scanning parameters that were used are scan range

(20): 5-45", step size: 0.03o, step time: 10 s.

Table 2.1 Chemical Composition of Alumina Substrates
Constituent

A12o3

sio2

Fe2O3

Mgo

Na2O

99.82

0.02

001

0.07

0.08

Weight Percent
(%)

2.2 Surface Roughness

Surface roughness was measured using

a non-contact surface profiler (Mikro

Precision Instruments, MN, USA). Three-dimensional profiles were drawn and analyzed.

Five measurements were taken from three separately prepared samples to show the
reproducibility. The three-dirnensional swfaces were digitized into 736X480 points. Ra
(average roughness), Rq (mean square root roughness), and finally Rz (peak{o-valley
roughness) values were measured.
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2.3 Mechanical Properties

The effect of the etching process on fractue toughness was tested according to

ASTM C 674-88. Three-point bend test samples were cut into rectangular pieces made
precisely to scale with regard to height to width ratio.

An Instron (Instron Corp. MA,

USA) universal testing machine equipped with a data acquisition software

package

(DAX) was employed to test total of 20 controls and etched samples. Span length
crosshead speed were

l0 mm.

and

and 0.05 mm/sec., relatively. Modulus of rupture (MOR)

values were calculated and reported.

2.4 Biomimetic Coating

The effect

of

surface modifications (roughness and surface chemistry) were

investigated in vitro using simulated body fluid (SBF). The SBF solution was prepared
suggested by Tas
125,261.

To

as

[25]. The ion concentrations of the solution is given in Table 2.2

accelerate the coating procedure, the values shown

in

Table 2.2 werc

multiplied by the factor of 1.50 in preparing the SBF-coating solutions. Samples were
placed onto a 45o inclined stainless steel net platforms. The samples were above the

precipitation settling range. This procedure conducted
precipitates on the surface that are mostly seen

if

to prevent loosely attached

the substrates placed at the bottom of

the bottles. The bottles were then sealed tightly and kept at 37oC, replenishing the SBF
solution every 48 hours during soaking period.
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Table 2.2 Preparation of SBF Solution
Order

Reagent

Weight (g)

I

NaCl

6.547

2

NaHC03

2.268

3

KCt

0.373

4

Na2HPOa.2H2O

0.178

5

MgClz'6HzO

0.305

6

CaCl2.2H2O

0.368

7

Na2SOa

0.071

8

(cHroHlcNH2

5.05 7

Ion

HwnanPlasma

SBF (nM)

Na*

142

142

cr

103

t25

HC03'

27

27

K-

5

5

Mgt*

1.5

1.5

c*.

2.5

2.5

HPOr2'

I

I

so;'

0.5

0.5

Ref. [26]

(Irisbuffer solution)

(l L)
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2.5 Cell Culture

7F2 rat osteoblast cells (CRL-12557, American type culture collection, Rockville,

MD) were grown on 75 cm2 culture flasks at 37oC ard
essential medium

5o/o

COz

in alpha minimum

with 2 mM l-glutamine and 1 nM sodium

p1'ruvate without

ribonucleosides and deoxyribonucleosides, augmented by l0% FBS. The culture medium

was changed every. other day until the cells reached

a

confluence

of

90-95%,

as

determined visually with an inverted microscope. The cells then were passaged using
trypsin (2.5 glL) / EDTA (25mM) solution (Sigma-Aldrich). The obtained cells were then
seeded at a concentration
assays. Cell

viability

of 100,000 cells/per well on 1 cm2 alumina samplei for various

assessment was performed after 72 hours and total protein amount

measruements were done after

7 days in a 24 well cell culture plate. The medium

replenished after day one and then every two days during the course of the experiment.

After the prescribed time period for each test, substrates were rinsed in

phosphate

buffered saline to remove any non-adherent cells. For statistics, all experiments were
carried out in triplicate where n:3

.

'

Celt viability. After 72 hours, the numbers of live and dead cells were counted on

the substrates. Followed by removing the unattached cells, the attached cells were
collected

by

trypsinization

with 05% ml/well trypsin-EDTA solution and

were

incubated for 10 minutes. After the cells were collected in a conical tube, 1 mL of media
was added and centrifuged for 5 minutes at 1000 rpm. The pellet formed at the base was
resuspended

in

1

mL of media. Finally, trypan blue was added and the cells were counted

IE
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under light microscope. Only cells that stain blue deemed necrotic due to the plasma
membrane damage.

Total protein. The total protein amount was measured using BCArM Protein
Assay

Kit

(Pierce Biotechnology Inc., Rockford,

prepared by mixing 50 parts of BCArM reagent

IL). A working

reagent (WR) was

A with I part of reagent B (50:1, reagent

A:B). 200 pl of the above-mentioned WR was added to each well and thoroughly mixed.

Following mixing, the cell culture plate was covered and incubated at 37oC for 30
minutes. The absorbance at 562
temperature.

nn

was measured with the spectrophometer at room

A standard curve was prepared by plotting the average blank-conected

562

nm measurement for each BSA standard curve versus its concentration in pglml. Protein
concentration of each sample was then determined by using this standard curve.

All cell culture

experiments were performed at Department

of Bioengineering,

Clemson University.

3. Results & Discussion

Sodium hydroxide pellets were not dissolved in a solvent (i.e. water). Instead, the
etching reaction started only when microwave energy was introduced to the system in an

open environment and under normai room conditions. To speed up the process, NaOH
was selected because of its low melting point (318"C) relative to KOH (360"C). Direct
temperature measurements cannot be performed since microwaves greatly disturb signals

and give false information. On the other hand, using a pyrometer in direct temperature
measurements is not possible because no color change was observed during treatment

rm
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period. Even though temperatwe measurements could not be performed, the temperature
range of the system might be estimated. As mentioned Pyrex@ glass beakers were used as

reaction beakers and the melting point of the glass is reported as the manufacturer to be
700"C. No deformation or softening of the beakers was observed. It is then reasonable to
assume that the temperature range of the reaction was between 320oC to 700'C,

Dissolution behavior of Al2O3 in molten NaOH could be better understood by
studying the NazO- Al2O3 binary phase diagram. Earlier reports

of

thermodynamic

properties and phase diagram for the Na2O- AlzO: binary systems had been summarized
and critically evaluated by Eriksson e/ al. [27] The NazO- AlzO: phase equilibria data

were also evaluated by DeVries and Roth [28]. Thermodynamic data (e.g. entropies,
heats

of formation, heat capacities, and activities) for the crystalline phases in the NazO-

AlzOr system was reported by Spear and Allendort [29]. The alumina-rich portion of the
NazO- AlzOl binary system in Figure 2.1 shows that crystalline p"-Al2O3 (nominally,

NaAlrrOrz for perfect crystal structure) can form

if

molten NaOH reacts with cr-alumina

for AlzO: mole fractions Xarzor > 0.9. The dissolution reaction can be written as follows;

I lAlzOr + 2NaOH(l)

*

2NallrrOrz + HzO(g)

Furthermore, but very unlikely, molten NaOH may react with p"-AlzO: to form

p"-alumina where AlzO: mole fractions 0.68 lte 1XN2s3 < 0.9.
In order to confirm the above analysis, fine AlzOr powder (Sigma-Atdrich Corp.)
were treated similarly (ultrasonic cleaning with Dl-water excluded) for further XRD
analysis (Figure 2.2). The results revealed the formation

of sodium

p-alumina after

m

28

newly
molten NaOH treatnent. Although fully crystalline a-alumina peaks suppressed
at 8o and 16"' The
formed sodium p-alumina peaks, two new peaks were obseryed clearly
beta
hurnp within the 30-35o 2-theta range can be associated to the low crystallinity

alumina where several mid-intenslty peaks are located
tabulated X-Ray data (ICDD, PDF #

in this

range according to

2l-1096). Besides the XRD dat4 etched

surfaces

surface due
further examined using EDS to determine amorphous silicon presence on the

not
t corrosion of the pyrex beakers and dissolution of Si. Elemental mapping results did
show presence

of any amowtt of Si onthe surface'
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Figure 2.1 Alumina Rich Portion of NzO-AlzOl Binary Phase Diagram [28]
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At temperatures higher than the melting point of NaOH, a chaotic alkaline melt
formed and the molten NaOH vigorously attacked the sruface of the ceramic (Figure 2.3
shows the alumina surface prior to treatment). Figure 2.4a, 2.4b, and 2.4d show the
corroded surface morphology 4 and 8 minutes after NaOH became molten. 5-20 microns

width cavity formations can be clearly seen with almost spherical geometry (Figure 2.4a
and 2.4b). Etching appears to be a surface effect only because no etching was observed at

any depth below the surface. In the first few seconds, the glassy phase at the grain
boundaries was removed exposing the individual grains, further etching attacks the
alumina grains. Molten NaOH, like other chemical etching techniques, etches selectively.

It

attacks grains with favorable orientations more readily, as can be seen in figure Z.+c.

Further etching causes new grains to be exposed under the sr.uface (Figure 2.4d). A
similar corrosion behavior was also observed by Sato et.al. They proposed formation of

AI(OH); phase for corrosion of alumina in highly concentrated NaOH solution [30].
They used relatively low temperatures (-160'C) and longer times compared to the
present study.

The bending strength of AlzOg coroded in molten NaOH is shown in Figure 2.5.
The average flexural strength value was found to be 312 + 31 MPa prior to the treatment
and 215

+ l6 MPa

after 4 minutes etching in molten NaOH. The average flexural strength

value was decreased by 3lYo x.2 after etching. The calculated weight loss of the samples
measured before and after etching was found to be 0.35-0.5%. Although weight loss was

less then lo/o, large cavrty formations on the swface greatly degraded the bending
strength of alumina.

t
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Roughness parameters were calculated

and are presented

in

Table

2.3.

Three-dimensional images showed that peak and valley formations are evenly distributed
across the surface (Figure 2.6).

Several studies reported a good correlation between increased Ra value and bone

anchorage

[3],

32].

Li et al. evaluated implant removal

torque for titanium implants

placed in the alveolar crest of mini-pigs after 3 months. Two implants were compared:
treated by either sandblasted and acid etched (SLA) or the machined and acid etched
surface (MA). The surface with the highest Ra of

Ti showed the highest

anchorage and

higher removal torque [33]. The results showed a strong correlation between Ra and the
removal torque values. From a biomechanics view point, one can expect to
results for alumina surfaces with similar morphologies and roughness.

Figure 2.3 Alumina Surface prior to treatment

#.

the same

)z

Figure 2.4 SEM Micrographs of (a) Surface Morphology afterNaOH Etching 4 min.
afterNaOH Became Molten, (b) Higher Mag. Image of the Surface, (c) Dissolution of
Individual Grains with Preferred Orientations 3 min. after NaOH Became Molten, (d)
Surface Morphology 8 min. after NaOH Became Molten Exposing the New Grains Under
Surface.

JJ

Table 2.3 Surface Roughness Values Before and After Etching.
As-received Alz0:

Surface Etched

Ra (pm)

0.8410.15

t.45+0.22

Rq (pm)

t.02+0.21

1.82+0.55

Rz (pm)

8.3G}1.44

13.35+2.85
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Figure 2.5 Results of 3-point Bending Test on Etched Srufaces.
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35

A similar anchoring trend was observed with the cell culture

experiments. After

three days of incubation, significantly more cells were attached to the etched surfaces
compared to the smoother surface alumina control samples as indicated in Figure2.7.
These results possibly point out higher proliferation capacity on rough surfaces than on
smooth ones. It is possible that a greater total surface area provided more contact area and

higher proliferation on the etched surfaces. On the other hand, cell growth on the
smoother surfaces may have already proliferated

to the limits of the

contact area

available. SEM images indicate that most of the cells anchored themselves to the nano-

size surface irregularities. Figure 2.8 clearly demonstrates the stress fibers (filipodia)
associated with vinculin adhesion plaques attached to those surface irregularities and are

actually going inside the cavities as shown by the arrows. Although, Hulbert et al. l34l
demonstrated many years ago that the development of osteons required a minimum
150 and 200 pm openings

of

in ceramic materials, Karlsson et al. recently showed that pore

sizes about the same size of cellular filipodia might function as anchoring points for the

cells. Their cross-sectional TEM images demonstrated the filipodia ingrowths into the
200 nm size pores on a Whitman alumina membrane [35]. Our results indicate that not
only nano-porous surfaces but also nanosize surface irregularities may serve as anchoring
sites for the cells as well.
The surface rough alumina samples exhibited favorable in vitro cell response. The

osteoblast

like 7F2 cells on the rough surfaces expressed a higher cell activity

than

control samples (Figwe 2.9). In particular, the cells on etched surface appeared to show a
higher total protein concentration for both one and two weeks cultured samples than the
cells on smooth surface, even though the difference was small. The result for the seven

CLEtrSffi

{jhMERSTTV L0ERAHY
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days cell culture did not indicate a significant difference between two surfaces. On the
other hand, at the end of second week, increased amount of total protein on both samples

and a significant difference between the protein concentrations on the surfaces were
observed. Interestingly, in the present study, the total protein concentrations on the both
surfaces extended the limits of BCA assay

kit (2000 pg/ml) at the end of second week

which proved high metabolic activity. These results indicate a favorable cellular response
on both surfaces and a higher activity on etched samples by modification of the surface
physically as a result of NaOH treatment.

The success

of biomimetic coatings is generally associated with the

surface

chemistry of the substrate material. For instance, titanium and its alloys receive a NaOH
treatment that forms sodium titanate layers on the surface (NazTisOrl) prior

to

the

biomimetic coating step. Apatite inducing ability is directly related to subsequent Na* ion
exchange with

H:O* ions during SBF soaking and formation of Ti-OH groups on the

surface of Ti. The Ti-OH groups induced the apatite nucleation on the surface and apatite

nuclei grew by consuming Ca2* and 1PO+)3- ions from SBF [36]. A similar mechanism is
also valid for ceramic materials. For example, hydrated forms of ceramic materials (e.g.
SiOz and

ZrO) which readily have abundant Si-OH and Zr-OH groups, can form bone-

like apatite on their surfaces [37]. The presence of functional groups could have a great
influence on the surface of an implant material to form an apatite layer in a living body.
Unsuccessful attempts to coat alumina in SBF solutions were believed to fail due

to the positively charged alumina surfaces in SBF solution. The surface charge

(zeta

potential) of alumina is 0 at around pH 8. At pH values lower than 8, alumina surfaces
become positively charged, decreasing the affinity

of OH- groups against Ca2* and

37
(PO+)3' ions

used

[23]. One other factor can be the concentration of SBF soluti

on.

Li et al.

I X SBF in their experiments to investigate apatite inducing ability of alumina

surfaces. However,

I X SBF solutions are only slightly more

supersaturated compared to

calcium to phosphorus ratio of stoichiometric hydroxyapatite. This results in very slow
nucleation and precipitation of calcium phosphates. For this reason, 1.5

X SBF solutions

were commonly used to accelerate nucleation and precipitation reactions [38]. Another
reason could be the carbonate ion concentration of Tas-SBF, which is almost 6.5 times
higher than the

I X SBF solution. Tas [25] and Dorozhkina et al. l39l separately showed

that the increase of HCO:'ion concentration in a SBF solution increases the thickness and

uniformity of the apatitic calcium phosphate coating. One of the above mentioned
reasons or combination of them might lead to the failure of the earlier attempts.

In the present study, instead of low temperature (95"C) NaOH treatment, alumina
surfaces were etched

by molten NaOH. Figtne 2.10 shows both kinds of

untreated and NaOH etched alumina, after being soaked 1.5

surfaces,

X SBF for one week. It

can

be seen that NaOH treated swface remarkable enhanced the apatite nucleation compared

to untreated alumina surface. A thin, granular, nano-porous apatite layer nucleated on
etched samples almost covering entire surface. However, on untreated swfaces, apatite

formation was limited by physically attached lose precipitates. Although,

it is not

completely clear, the apatite nucleation on etched samples can be related to the presence

of NaAlrrOrr. It is believed that sodium p-alumina thin frlm formed on the surface of
etched samples, and it cannot be removed during washing due to the nano-rough swface.

This thin film formation may acted similar to those sodium titanate layers on titanium
surfaces, where Na* cat ions subsequently exchanged with H3O* or Ca*2 ions.
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Figure 2.8 Stress Fibers Associated with Vinculin Adhesion Plaques Anchoring the Cell
tJthe Nano-rough Surface. Inset is Low Magnification Image of Surface Covered with
Osteoblasts.
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(e)

Figure 2.10 SEM Images of Untreated and NaOH Etched Samples Soaked Into SBF for
1 Week. (a) Low Mag. Image of Untreated Swface, (b) High Mag. Image of Untreated
Surface, (c) Low Mag. Image of NaOH Etched Surface, (d) High Mag. Image of NaOH
Etched Surface, (e) High Mag. Image of FIA globule.

t1

I

\i:l

#*

I

.

.:'":

."

"

.

:"

i

,1.

F
I
I

t

rl

4,

....

,

..:..

:.;
4i*
:!,

J

tt;"4,

::i

. i];,\:r
";i,?i.r.'.1.1

,.t

'i.'r,

'I

?

lt''

l,
,

-.

1l

'.*'

\

-n

'*

t!.1'

T
',"

.

\:1,
E

2.

*

d{
o,

.3s:

6

.\

1a

a

'.

.
!.1

/!

".,
-,; "K* ,";E.,,

," (

rn

.as t $ ' .

I

rt

i,
L.tJ
,f,.1

r{'
p

'.&

'

6I ,,

,b
t '* ri,

'

..

.ii
!

i1;ii::: ;

t,
'b

;,"'.;:
.'l

-,

I
."'. .:"
iti,
Jb.

i,

.'b"oo

;.:'

i
:t,

i"ii:
'_."1: ',,r:
. {";,
s"',
_-"

-,+

;' .

*
"

-"^
i" r.."^
i",
I

'{i

""
"t^'""

'*"-'*'{.
*";" \F1' n"""*,
t'
"

"lB.n

''

$'"'.
';:

"

-

l:

42

4. Conclusions

A simple chemical etching

process was applied to introduce surface inegularities

on alumina surfaces. Micron size cavity formations and nano size surface irregularities,

which eventually increase the available surface are4 increased the number of attached
cells on the surface. Additionally, chemical etching caused a thin sodium p-alumina film

formation on the surfaces. The formed thin

apatite inducing ability
procedures

of

film on the surface greatly

alumina surfaces. Attempts

increased the

to use biomimetic coating

to coat AlzOi were failed due to non-reactive surfaces. It is believed that

sodium p-alumina on the swface increased the surface reactivity of alumina and allowed
successful biomimetic coating on the alumina surface.

E
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CHAPTER

III

COATING OF ALUMINA WITH CALCIUM PHOSPHATES

Abstract

Alumina (Al2O3) ceramics are in successful clinical use as bionert, load-bearing
implant materials, especially in hip revision surgery. When needed, the most preferred
routes of ceramic deposition over such ceramic substrates have been the thermal spray,

dip-coating and laser deposition methods. However, these methods suffered from the
resultant heterogeneous coat layers

of low adhesion

strength,

or undesired

phase

decomposition observed in the coatings.

In this study, dilute precursor solutions (calcium nitrate tetrahdyrate and triethyl
phosphate) were first prepared and then the alumina substrates were directly placed into
these solutions, followed by slow heating

in an air atmosphere up to 600'C. This new

process resulted in a deposit of chemically attached calcium phosphates on the substrates'

Soaking of these samples in an SBF solution (Tris-buffered, 27 mM HCOI) at 37oC
converted the calcium phosphate deposits into carbonated, bonelike apatite. Samples
were characterized by XRD, SEM, FTIR and cell culture tests.
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l. Introduction

'

Bone consists of an organic compound(20-25% weight), an inorganic compound

(70%) and a water component (5%). The organic compound is largely type I collagen but
also includes bone cells (Osteoblast, osteocyte and osteoclast) and a small amount on
noncollagenous protein.

The inorganic portion of the bone and teeth consist of

Hydroxyapatite (HA), predominantly, the impure calcium phosphate (CaP) form. Having

the chemical formula

of

Caro-*(HPO+)-(PO+)o-*(OH)z-*,

it is also known

as calcium

hydroxyapatite. Besides magnesium, sodium, and potassium, the chief constituent of the
hard tissues (bones), is the poorly crystalline, carbonate containing apatite phase. Calcium

HA is biocompatible and bioactive in human body. It is compatible with different tissue
types and can form bond directly
intermediate layer

of a modified

to osseous, soft, and muscular tissue without

an

HA also displays

an

tissue (fibrous tissue) [1-3].

osteconductivity: the process of bone migration and attachment along a biocompatible
surface [4]. Despite its excellent properties as a biomaterial, the inherent mechanical
properties of HA, such as poor tensile strength, impact resistance, and brittleness have
restricted its usage in load bearing applications. Therefore, HA coated implant materials,

which combine the advantages of the mechanical properties of implant material with the
excellent biocompatibility and bioactivity of the HA, was developed and considered to be
the most promising group of implant materials. In the present study, alumina was selected
as the substrate material because

of its bioinertness [5], non-cytotoxicity [6] and almost

an excellent record of clinical usage for dental and orthopedic restorations for several
decades [7,8]. AlzO3 has a much higher mechanical strength compared to that

of sintered
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HA, and the HA surface coating can ensure a high bioactivity for bone growth. Howevet,
there are only a limited number of attempts made to coat

HA on bioinert

substrates (like

alumina and zirconia) compared to metal substrates (titanium, tantalum and Ni-Ti alloys)
[13-1s].

Bioactivity and durability of the FIA coatings depend on some critical quality
specifications including phase purity, crystallinity, microstructure, Ca./P ratio, porosity,
surface roughness, thickness, implant shape and surface texture which also lead to

different mechanical properties, such as cohesive and bond strength, tensile strength,
shear strength, Yor:ng's modulus and residual stess [16]. Various coating methods were

proposed to deposit

HA coatings to increase the bioactivity and hence accelerate

and

improve early bone-implant bonding, such as plasma spraying U7-19), electrophoretic
deposition [20,21], ion-beam implantation p2,231, dip coating-sintering 124'261, spin
coating [27,287, and solution deposition129,30). To the present date, there are no known

methods which totally satisfu those criteria above. For example, high temperature
procedures like, thermal spraying, can degrade mechanical properties
lead to low bonding strength and impurity of HA. Meanwhile,

of implants and

low temperatwe processes,

such as solution deposition, low adhesion strength of the coating and the ma<imum
applicable thickness

of the coatings are the main

drawbacks. Nevertheless, plasma

spraying is the only commercial technique available.

Coating

of

hydroxyapatite through sol-gel method uses relatively low

temperatures for calcium phosphate coating formation. This process includes the use

of

appropriate calcium and phosphate containing precursor solutions [31]. Solutions of
metal alkoxides and/or salts dissolved in organic solvents are mixed together to yield a
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number of different combinations between these calcium and phosphorus precursors for
sol-gel processes [32]. For instance, Weng et al. rsed phosphorus pentoxide and calcium

nitrate as the calcium and phosphorus precursors [33]. Where else, calcium nitrate and
phosphoric acid were used to prepare dipping solution [34, 35]. Typically, reactions
involved in the sol-gel route, independent of the starting chemicals, are hydrolysis and
condensation.

In hydrolysis process a hydroxo ligand substitutes an alkoxy group. The
mechanism of hydrolysis is simply nucleophilic substitution of alkyl groups by hydroxyl

groups bonded to the metal atom (M). Alcohol molecules are released as a byproduct.
The reaction may simply be written as [36]:

M(OR)Z + H2O

Condensation/polymerization

-'M(OH)

(OR)z-r + ROH

is a result of either olation or

oxolation reactions in

aqueous solutions. In either cases, the reaction between M-(OH) molecules leads to the

formation of M-O-M bond and alcohol or water as byproduct:

M-(OH) + M-(OH)

-'

M-O-M + HzO

Condensation includes aging of the sol solution followed by a gelation. However,
a long period

of aging time, i.e. 24 hrs or longer, required to form

a monophasic

HA [37].
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The resultant sol can also be used to coat substrates using spin-, dip-coating, and
aerosol-gel processes. Generally, sol-coated substrates are dried in an oven and pre-fired

to higher temperatures (-500'C). To obtain desired thickness, the above procedure might
be repeated several times. Gan er al. l38l compared two phosphate precursors, namely

triethyl phosphate and ammonium dihydrogen phosphate, which reacted with calcium
nitrate tetrahydrate to form HA coating on TioAl+V alloy substrates by dip coating. They
reported both films resulted with sub-micron particle size crystalline, carbonated HA

films at 500oC. They observed that ammonium hydrogen phosphate route displayed more

irregular surface texture and formed

a less dense coating. Kim et al., produced

hydroxyapatite and fluoro-hydroyapatite thin films on

a Ti

substrate using triethyl

phosphite, calcium nitrate tetrahydrate and ammonium fluoride as the starting chemicals.

They reported formation of a phase-pwe, uniform and dense coating on Ti substrate by
spin-coating and subsequent heat treatment process [39,40]. Haddow et aL used triethyl
phosphite and calcium ethoxide to prepare coating sol which was later deposited on
quartz samples by dip-coating and fired above 900"C. The results showed the diphasic

(p-TCP/HA) nature of the coating after firing at greater than 900"C [41]. These findings
were supported by Kim et a/. where hydroxyapatite and phosphate glass composites were

spin-coated on a zirconia substrate. They reported the formation of triphasic calcium
phosphates (HA/TCP/DCP) and glassy phases after heat treatment over 800'C [42].
Gross et

al. investigated the effect of aging time on coatings produced by spin-coating.

They concluded that the coatings produced from sols aged less than 24 hours yielded
calcium oxide in addition to HA [43].
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Alternatively, sol solution can be used to produce HA powders after gelation
(drying) and calcination. Hsieh et al. investigated the effect of fast gelation on the
synthesis of HA powders. Calcium nitrate tetrahydrate and triethyl phosphate were used
as starting solutions

[aa]. They reported the formation of HA at 600.C. They applied

fast drying route. However, this resulted in a minor amount
reacted calcium nitrate. decomposition during the calcination.
phase appeared as

a

of CaO due to the non-

Liu

et

al. fotnd.that

an

HA

low as 350"C when calcium nitrate and triethyl phosphite was used

as

the starting chemicals [45]. These authors also investigated the affect of ethanol and
distilled water as solvents. Remarkably, they observed very similar behaviors for ethanolbased gels and aqueous-based gels.

All the methods

mentioned above point out to the importance

of aging

(sol-

formation) regardless of the starting chemicals to obtain monophasic HA coatings and/or
powder. Typical aging times arc 24 hours. Present study investigates the possibility of a

high quality coating (i.e. phase purity, texture and adhesion strength) on alumina
substrate through the elimination
steps involved

of calcium and phosphorus precursors aging time.

in this approach can be outlined as follows. Hydrolysis of the phosphorus

and calcium precursors is followed by polymerization. Heating

condensation.

The

of the coating sol

caused

At the end direct pyrolysis of the polymeric molecules resulted in

formation of the Ca-P coating on the substrate.

the
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2. Materials and Methods

2.1. Substrate preparation

gg.g%purity alumina substrates were supplied by Coorstek@ (CoorsTek Inc. CO,

USA) as slip cast2 mm thick plates. Chemical analysis of the substrates was obtained
from the supplier and shown in Table 3.1. )(RD analysis of as-received alumina plates
indicated that a-alumina is the only phase existed (ICDD card

# 46'1212).In

order to

prepare the samples for X-ray diffraction (XRD), scanning electron microscopy (SEM),

Fourier transform infrared spectroscopy.(FT-IR), sqrxre samples

(l

cm

X lcm X 2 mm)

were cut by a diamond saw. Adhesion strength measurement samples were polished
manually to obtain flat-surfaced substrates prior to coating deposition.

All

samples were

then degreased with acetone, and washed by distilled water in an ultrasonic bath.

Table 3.1 Chemical Analysis of Alumina Substrates
Constituent

AlzOr

SiOz

FezOr

Mgo

NazO

99.82

0.02

0.01

0.07

0.08

Weight
Percent (%)
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2.2. C oating deposition

Calcium nitrate tetradydrate (Ca(NOI)2'4H2O, Fisher Scientific Inc. GA, USA)
and triethyl phosphate ((CzHsO)gPO, Alfa Aesar Inc.

MA, USA) was used

and phosphate precursors. Triethyl phosphate (0.0148 mol) was

as the calcium

first hydrolyznd in 25 ml

Meanwhile'
deionized water by stining vigorously at room temperature for 30 minutes'

in 25 ml deionized
0.0265 mol (Calp: 1.67) of calcium nitrate tetrahydrate was dissolved
a dropwise
water separately. The two solutions were then mixed with one another in
manner, and then stirred for another lhour. At the end

of

I

Hour the solution was still

placed on the
clear and the pH was measured as 5.35. Alumina substrates then

totto"t of

furnace without allowing
a pyrex@ beaker and subsequently heated up to 565oC in a lab
alumina surface. Table
any aging. This provided direct deposition of the Ca-P coating on

3.2 isthe heat treatment scheme of the coating deposition used in present study'

Additionally,

a set of

calcium phosphate coated samples were soaked in

Simulated Body Fluid (SBF) for a period

of one week in order to convert the Ca-P

apatitic calcium phosphate
coating into carbonated, non-Stoichiometric, poorly crystalline

(biological aPatite).

\iE[
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The SBF solution was prepared as suggested by Tas f46-471. To accelerate the
coating procedure, the values were multiplied by the factor

of 1.50 in preparing the SBF-

coating solutions. Samples were placed onto a 45" inclined stainless steel net platform
and the samples were above the solution precipitation settling ftmge.
prevent the loosely attached precipitates on the surface, mostly seen

It

if

was done to

ttre substrates

placed at the bottom gf the bottles. The bottles were then sealed tightly and kept at37"C,

replenishing the SBF solution every 48 hous during soaking period.

Table 3.2 Heat Treatn6nt Scheme for Coating Deposition.
Temperature("C)

Step Time

(min.)

RT-l10

120

ll0

60

I l0-200

30

200

150

200-250

30

250

90

2s0-56s

30

565

10 hrs.
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2.3. Coating characterization techniques

Thermogravimetric analyses (TGA/DTA) of the solution was performed using a

thermal analyzer (TGA, Mettler Corp. CT, USA) from room temperature to 750oC under

an air flux of 50 mVmin ramping at 3oC/min.

A XDS 2000 (XRD, Scintag Corp')

equipped with a monochromated Cu IQ radiation source was used to characterize the
crystalline structure of the coatings. The scanning parameters used were as follows; scan

range (20): l0-50o, step size: 0.03o, step time: 10 s. Scanning electron microscopes
(Hitachi 53500, and Hitachi 54700 field emission-SEM, Hitachi Ltd. Tokyo, Japan) were
used

to examine the surface morphology of the coatings. The presence of functional

goups was analyzed by a Nicolet Magna-IR 550 Fourier transform infrared spectroscopy
(FT-IR) system. KBr pellets were pressed by a unia,rial press with a powder-KBr ratio of

l/100. Spectra were obtained at 4 cm'l resolution and32 scans in transmission mode. The
collected spectra were processed by Omnic software package provided with the system.

2.4.ln vilro study

Details of the In vitro study is given in chapter 2, section 2.5.
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3. Results

3.1.

A thin layer of

& Discussion

Thermal analysis

coating was applied

by a simple evaporation-condensation-

pyrolysis process within a laboratory furnace. DT/TGA analysis established the Ca-P
coating formation temperature as 565oC (Figure 3.1). The endothermic peak at 100"C
indicated the evaporation of the water, leaving behind the organic species and nitrate
compounds. Majority of the weight loss

(- 40 %) was occurred in this stage. Shortly after

the evaporation of water, condensation reaction began with in the temperature range of
110-250"C. Together with the TGA trace, which did not indicate significant mass loss, a

plateau between 110'C and 250"C represented a thermally stable, highly viscous and

clear gel.

It is assumed

that P-O-Ca linkage formation started at ll0oC and fuither

heating caused an accelerated thermal decomposition and polymerization/condensation
between derivative units. This resulted in the formation of more P-O-Ca containing bonds

in the gel. It is believed that partial pyrolysis also took place during this stage and
completed at the soaking temperature. The small exothermic peak at around 565oC was
assumed to be the removal

of nitrate

species from the system and accepted as Ca-P

coating formation temperature. Samples were soaked at 565"C for an additional 10 hours

to allow complete pyrolysis. Experiments conducted below this temperature (i.e. 550"C)
resulted in highly unstable coatings due to nitrate group presence.
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3.2. SEM analysis

Figure 3.2a represents a scanning electron micrograph of a Ca-P coated alumina
substrate. The coating appeared to be uniform, almost crack free, and completely covered

the substrate as seen in SEM images (Figure 3.3a, b). At higher magnification images,
Figure 3.2b, the Ca-P coating appeared to be formed by individual crystals fused together

in a fashion more or less perpendicular to the surface. Although, the coating was uniform

upon the surface, sub-micron horizontal stacking gaps between the platelets were
noticeable. The images also demonstrated the individual crystals have hexagonal crystal
strucfl5e which might be attributed to the typical growth habit of hydroxyapatite. On the
other hand, SBF soaked samples show (Figure 3.44b), not unexpectedly, round globules

consisting

of interlocking, needle like, calcium phosphates on the

conversion

substrate [29]. Full

of those large crystals of hexagonal calcium phosphates to globular, the

needle like, nanosize calcium phosphates completed in about a week of soaking.
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(a)

(b)

Figure3.2FE-SEMMicrographsofCa.PCoatingontheSurfaceofAlumina(a)Low
Maglnification (b) High Magnification
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(a)

(b)
on the Surface of Alumina (a) Low
Figure 3.3 SEM Micrographs of ca-P.coating
M-agnification (b) High Magnification
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(a)

(b)
Figure 3.4 FE-SEM Micrographs of l-week SBF Soaked Ca-P Coatings' (a) Low
Magnification (b) High Magnification
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3.3. XRD

& FT-IR Analysis

XRD pattem of the scraped coating (Figure 3.5) from the substrate showed the
presence of

HA

as the major phase where the peak positions match

with the synthetic HA

pattern (ICDD PDF card# 9-432). The peak located around 30o indicated the presence of
the tricalcium phosphate (TCP) and CaO (peak at37.5') as a result of the available Ca*

ions in the system by the formation of TCP. TCP formation was generally attributed to

the high temperature decomposition of HA. Hsieh et al. reported that CaO phase
formation forthe fast drying of the as-prepared precursors (16 hrs. aged sol at 80-90"C)
under reduced pressure [44]. Their results did not reveal presence of TCP phase even
after calcining powders at 600oC. They concluded that the presence of the CaO is due to

the decomposition of undesirable CaC{O:)2 precipitate during calcining. However, our
results can not be explained by simple decomposition of the non-reacted calcium nitrate.

Similar results reported by Liu et. al. for low temperatwe formation of HA by sol-gel
synthesis. They proposed that amorphous Ca-P containing intermediate phases might
already exist and transformed to crystalline phase (TCP) during the heat treatment [48].

An amorphous Ca-P containing intermediate phase was found by Hsieh er ai. using solid
sate nuclear magnetic resonance (NMR) spectroscopy. They showed that the gels
converted into a'glassy phosphate' at 350oC, then into the HA ceramic at 600"C [49].

Intensity changes for (100) and (200) planes are believed to be due to the platelets

orientation. SEM images revealed the shrinkage along the c-axis which caused the
intensity increase. Intensity abnormalities due to the crystal orientation have also been
reported for

HA whiskers where there was an elongation in the c-direction [50]. The
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broadening of the peaks attributed to (100) and (200) planes might be explained either
due to residual strains as a result of rapidly formed coatings or some lattice distortion

[51].
Figure 3.5 shows the X-ray pattern

of

I

week SBF soaked sample. The results

confirmed the complete transformation of crystalline calcium phosphate chemistry to a

poorly crystalline calcium deficient hydroxyapatite, which is almost identical with
human bone XRD pattern as shown

a

in Figr:re 3.5 (inset). Coating Ca-P on

alumina

Li et aI. [15]. Previously, alumina

surfaces

substrates using SBF had been attempted by

subjected to an alkaline treatment (NaOH) prior to biomimetic process. Results showed a

poor coating on the surface due to positively charged surface. Unlikely, in the present
study we introduced

a low crystalline (relative to sintered coatings at 1000"C) and

reactive intermediate coating prior

to the biomimetic process which was readily

converted into bone-like apatite in SBF.

Conversion

of a crystalline HA phase to a poorly crystalline calcium deficient

apatite might be explained due

to the defective crystal structure, reactivity and low

crystallinity of the Ca-P coating deposited onto the surface. Stoichiometric HA has a very

limited solubility in super saturated solutions but non-stoichiometric (or defective) HA
may cause this conversion due to faster ion exchange. Driving force and activation
energy required for this reaction take place is clearly explained by Shi et

al.It

was found

that an increase in crystallinity greatly reduces the reactivity and so does Ca* release [52].

FT-IR spectra of Ca-P coating is shown in Figwe 3.6a. The spectra indicated
phosphate (1090, 1050, 962,602, and 571 cm-r), carbonate (1410 and 876 cm'r; und

hydroxyl (3310-3530 cm'r; groups in the coating. The peaks at 1050 and 1090 cm-t

I
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apatite [53].
correspond to the v3 vibration mode of PO+3- indicating the stoichiometric
conesponding to
These bands are the v3 fundamental vibration mode of PO+3- tetratredral
about 962 cm't
the triply degenerate asymmetric P-O stretching modes [5a]. The band at
remaining two
belong to the v1 slrnmetric P-o stretching vibration of the Po+3- [53]. The
pOa3'peaks (602, and 571cm'r; correspond to the va domain [55].

The g7g cm-l band represents v2 mode carbonate ions occupying the monovalent

anionic sites of the apatite structure (type

A

carbonate) [56]' Type

A

refers to the

apatite structure where
substitution of the OH- group in the crystal lattice by CO32- in the

The broad band between
else, Type B is the substitution of the PO+3'in the lattice [57].
1400-1600 cm-r corresponds to the vr COr2-. The peak at 1380

c*-t is believed to be

stages of formation (low
belonging to an unstable carbonate species appeal at the early

increases [54]'
temperature formation) and disappear with the crystallinity
Ca(OH)z Peak
The hydroxyl band in the spectrum showed. a sharp OH- stretching
was not detected by XRD
at3640 cm-r 1+61. On the other hand, the presence of ca(oH)z

analysis.

It might be explained by the previously

reported CaO FT-IR spectra with

a sharp stretching peak at 3640 crn-r
Ca(OFI)z and carbonate impurities [58] which shows

peaks (3310-3580' and 1610with very similar intensity. The two broad H2O absorption

morphology of the coating' As shown in the
1630 crn-l) may be related to the surface
(horizontal stacking gaps) thus, allowing more
Figure 3.2b, the coating appeared porous
water molecule absorption on its surface [38]'
3.6b'
FT-IR spectra for the one week SBF soaked sample was shown in Figure

soaking. The OH- peak at 3640 cm-r
Distinguished changes occurred after the SBF
the absorbed water at 3400-3600 cm-r became
corresponds to ca(oH)2 disappeared and

E
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more visible as a broad peak. The intensity of vr COr2'peak at 1480 cm-l decreased and
became broader.

No noticeable changes occurred to vland v3 domain PO+ ions.
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4

Figure 3.5 X-ray Diffraction Patterns of (A) Ca-P Coating on AlzO:@) 1-week SBF
Soaked Ca-P Coating. Inset; X-ray Diffraction of Human Bone.
( ' )CaO, (f )TCP, others FIA
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3.4.[n-Vitro studY

cell viability test (Figur

attached to cae 3.7) showed that the amount of the cells

cells
p coated samples was 4 times higher then the control sample. while, number of the
attached to the surface

of SBF soaked samples were 10 times higher then the alumina

consistent with the total protein concentration
contror sampre. .Those results were also
assay (Figure 3.8).

protein
up to two weeks SBF soaked samples showed the highest total

concenffations compaled

to Ca-P coated and control

samples' The results can be

sBF soaked samples have the closest chemical
correlated to the coating chemistry where
formula to the human bone'
samples certainly provided a friendly
The ca-P coating produced on the substrate
On the other hand' poorly crystalline' calcium
environment for the osteoblast cell growth'

further increased the gowth rate of the cells'
deficient hydroxyapatite (biological apatite)

Moreover, the nanoporous surface features

of biomimetic

application favored the

its superior surface chemistry'
increase of the cell proliferation besides

Figrrre3.gshowsthequalityofthecellattachmentonthesurfacesofcontrol,
sEM images showed an increase
ca-p coated, and I week SBF soaked samples.
metabolicactivityonthecontrol,Ca-Pcoated,andSBFsoakedsamples'relatively'For
with
were in contact with HA platelets associated
instance vinculin adhesion plaques
stress fibers

SEM images
(filipodia) on Ca-P coated sample (Figure 3'10a)' Additionally'

with
cytoskereton on the globules associated
of SBF soaked samples showed spread actin
vinculin adhesion plaques (Figwe 3'10b' c)'
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Sample
Figure 3.9 SEM Micrographs of Cell Attachment on the (a, b) Alumina Control
(Low Mag. and High rr,r.i I , (c, d) Ca-P loated Sample (Low Mag. and High Mag')'
Mag')
1e,9 SnE Soaked Sample (Low Mag' and High

72

(c)

Figure 3.10 FE-SEM Micrographs of (a) Vinculin Adhesion Plaque Attached to the HA
Platelet on Ca-P Coated Sample, (b) Vinculin Adhesion Plaques in contact with FIA
Globules Associated with Stress Fibers (Filipodia) on SBF Soaked Sample, (c) Spread
Actin Cytoskeleton on the Globules Associated with Vinculin Adhesion Plaques on SBF
Soaked Sample.
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4. Conclusion

It

on prisinc -{:11!
has been shown that ca-P coatings can even be produced

treatment (like alkaline treatment).
surfaces, which did not receive any prior

[c Lf,r

pyrolysis of these transparent solutions rr
present study ca-p coating applied by direct
substrates without ageing the coating sol'
about 250 to 565"C directly on the immersed

just to impart the surface of a bionert
The aim of this direct pyrolysis process was
ceramic

with an intermediate layer of Ca-P's. Ca-P swfaces can then readily

coated/converted

into

carbonated, apatitic calcium phosphates

SBF soaking
supersaturated ca-P solutions, such as sBF.

by

be

soaking in

of the caP-coated

samples

coating into carbonated calcium deficient
changed the chemistry and morphology of the
hydroxyap atite.

In vitro

surface
study was established the preferred pyhsico-chemical

characteristics for the osteoblast cell gowth'
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