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A low temperature electrodeposition technique has been used to coat metal substrates with
calcium phosphate (CaP) phases at 37� in aqueous solution buffered at pH 7.4. Experiments
have also been carried out on liposome vesicles, some populations of which were coated in CaP,
the final aim being to combine the liposome vesicles with the coating methodology in order to
produce composite coatings with a drug delivery capability.

Monitoring of coating solution conditions during deposition allowed calculation of supersat-
uration (the driving force of precipitation) for the relevant CaP phases. Factors relating to the
coating procedure that were altered included: the initial coating solution concentration, the dry-
ing method and the time for which the samples were allowed to remain in solution (maturation).
The effects upon the coatings were studied using X-ray diffraction (XRD), low voltage-scanning
electron microscopy (LV-SEM), transmission electron microscopy (TEM), electron diffraction
and measurement of coating shear strengths.

Maturation time was found to influence shear strength, coating thickness and coating crys-
tallinity. LV-SEM revealed that one hour or more of maturation time in solution, after one
electrodeposition coating cycle, led to a dramatic change in coating morphology from a thin
particulate coating, to one with a coherent structure of interconnected crystallites. TEM and
electron diffraction of coatings revealed that the coating crystallinity increased with maturation
time. The coating was determined to be hydroxyapatite (HAp) with a preferred orientation of
crystallites with their c-axis perpendicular to the substrate.

Critical point drying (CPD) appeared to protect the structure of the coatings when compared
to air drying. Shear strengths of both CPD and air dried sets of samples were modulated by
alterations in maturation time. However penetration of the coating structure by epoxy resin
during the testing procedure may have influenced the results.

Lipid vesicles, manufactured from egg phosphatidylcholine (EPC) containing 30 mol %
cholesterol and 4 mol % α-tocopherol, were characterised in terms of entrapment efficiency and
release of both the marker molecule calcein and the antibiotic gentamicin. A higher percentage
release of calcein was measured from CaP-coated liposomes when compared to uncoated vesicles
when incubated for periods in excess of 70 h at 37�, indicating that CaP ultimately increased
the permeability of the liposomal membranes.

Addition of CaP-coated liposomes to coating solutions, during the electrodeposition of cal-
cium phosphate, was found to moderate the decrease in HAp and octacalcium phosphate super-
saturation that was normally seen in their absence. Composite coatings, incorporating liposomes
that contained calcein were also manufactured.



Chapter 1

Introduction

The 2001 census showed that for the first time there are now more people aged over 60

years living in the UK than there are people under the age of 16 (National Statistics

Online., 2001). This trend of ageing populations in developed countries has many conse-

quences, including increased pressure on the healthcare system. One area in which this

pressure is felt most acutely is in the field of orthopaedics which has to deal with a greatly

increased number of fractures (Figure 1.1), which itself is partly due to the the fall in bone

density which occurs as part of the ageing process (Currey et al., 1996; Mosekilde, 1990).

Statistics from recent years show that osteoporosis alone can be said to cause 70,000 hip

fractures per year in the UK (Dolan and Torgerson, 1998) and cost the NHS £1.7 billion

to treat in the same time period (Torgerson, 2001).

This study aims to look at a method of producing an economically viable coating for

bone implants which may aid rapid healing, ultimately easing some of the pressure on

health services.

1



Chapter 1. Introduction

Figure 1.1: Age specific incidence rates for hip, vertebral and distal forearm (Colles’) fractures in men
and women. Data derived from a population in Minnesota, USA. From Cooper and Melton (1992)

1.0.1 Current problems

Orthopaedic procedures such as total hip replacement (THR) surgery (also known as

total hip arthroplasty), which was pioneered by Sir John Charnley in the ’50s and ’60s

(Charnley, 1961), have generally used polymethylmethacrylate (PMMA) grout in order

to fix the implant to the surrounding bone tissue. Unfortunately, the use of PMMA has

many potential drawbacks, such as the release of heat and toxic monomers into the area

surrounding the implant (Lewis, 1997). This kills host tissues at the interface with the

prosthesis, providing a great setback to the process of healing. The use of acrylic cement

has also been said to increase the quantity of wear-particles produced by the implant

during use (Willert et al., 1974), leading to inflammation and subsequent loosening of the

implant as immune cells invade and begin to clear up the debris (Willert, 1977).

One method currently used with the possibility of ensuring faster, complication-free

incorporation is cementless fixation. In many cases, the metallic portion of the implant

has been pre-coated with calcium phosphate (CaP) (Kroon and Freeman, 1992; Lucas

et al., 1993; Søballe and Overgaard, 1996; de Groot et al., 1998; Sun et al., 2001; Geesink,

2



Chapter 1. Introduction

2002). CaP is a popular choice of material because in particular forms, it makes up the

main inorganic constituent of the calcified tissues of the human body.

1.0.2 The Host-implant interface

The interface between the host tissue and the implant is incredibly important because it

is the site where the events leading to integration of that implant take place. A repre-

sentation of the specific sequence of events that occur during successful incorporation of

orthopaedic devices is displayed in Figure 1.2. The modification of the interface chemistry

is likely to be one way to secure a rapid healing, a reduction in chances of contracting an

infection and therefore an increased probability of long-term incorporation.

Figure 1.2: Representation of events at the bone-implant interface. (a) Protein adsorption from blood
and tissue fluids, (b) protein desorption, (c) surface changes and material release, (d) inflammatory and
connective tissue cells approach the implant, (e) possible targeted release of matrix proteins and selected
adsorption of proteins, (f) formation of cement lines and adhesion of osteogenic cells, (g) bone deposition
on both the exposed bone and implant surfaces, (h) remodelling of newly formed bone. From Puleo and
Nanci (1999)

This modification can take a number of forms. Puleo and Nanci (1999) summarise

various methods of attempting surface modifications and divide them into three categories:

� Physicochemical, including altering surface energy, surface charge and applying CaP

coatings
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� Morphological, such as altering surface porosity or morphology such as pits and

grooves

� Biochemical, which often involves immobilising proteins or peptides such as the se-

quence Arginine-Glycine-Aspartate, which has been shown to encourage osteoblasts1

to adhere to the surface in greater numbers in vitro (Dee et al., 1996)

For CaP coated cementless implants, already physicochemically modified, there is now

growing interest in incorporating biochemical compounds into the coating itself (Radin

et al., 1997; Wen et al., 1999; Liu et al., 2001; Stigter et al., 2002; Liu et al., 2004). These

could take the form of antibiotics to prevent infections or bone growth factors which would

encourage osteoblasts to build bone tissue in the area surrounding the coating.

Lucas et al. (1989) suggested that if these biochemical factors are to interact with the

volume of cells surrounding the implant in an effective manner, they need to be present;

1. for a period long enough to initiate a cellular response (cellular responses to factors

such as bone morphogenetic proteins2 can be seen in time periods of as short as 1

h (Wang et al., 1993) but longer exposure periods have been shown to induce more

favourable traits in osteoblast cell populations (Puleo, 1997))

2. at a concentration that is high enough for that response (a concentration of trans-

forming growth factor β2 of 10 ng/ml per day has been found to stimulate protein

synthesis in cultured osteoblasts (Kim and Valentini, 1997)).

As will be described later (section 2.7), current CaP coating methodology such as

plasma spraying has a number of drawbacks especially when considering the incorporation

1The cells found in bone tissue which are responsible for building up said tissue.
2Multifunctional protein molecules which are members of the the Transforming Growth Factor-β

superfamily and cable of singly inducing de novo bone formation (Kirker-Head, 2000)
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of heat-sensitive biochemical moieties. Impregnation by soaking alone is unlikely to allow

the slow, high concentration delivery of these biochemicals in the manner required for an

effective cellular response or protection from infection risks.

1.1 Layout of thesis

An outline of the aims of this project (Section 1.2) will be followed by a review of the

relevant literature published about calcium phosphate phases, coating methodologies and

the manufacture and structure of liposome vesicles (Chapter 2). The experimental proto-

cols used during this study will be detailed in Chapter 3 followed by a description of the

results of these experiments in Chapter 4. All of the information from preceding chapters

will be brought together in the discussion chapter (Chapter 5) with a summary of the

conclusions of the study in Chapter 6. Finally, further areas of work to be explored will

be outlined in Chapter 7.
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1.2 Aims

This work aims to study some aspects of one way in which calcium phosphate coatings

can be made and combined with a drug delivery capability which may aid healing and/or

prevent infection.

Along with a review of the current literature, this project will look at three main areas:

1. The production of CaP coatings using a low temperature deposition technique aided

by an electric field.

Assessments will be made by looking at the effect of the coating and drying condi-

tions on the microstructure, strength and thickness of the coatings produced.

2. The production of CaP coated lipid vesicles (liposomes) capable of entrapping chem-

icals reliably.

Quantification of the amount of a chemical that can be entrapped and measuring

the release of this chemical from the coated liposomes will be performed.

3. The combination the CaP-coated liposomes and the CaP coating.

Production of a calcium-phosphate-liposome composite coating and the subsequent

release of chemicals from it will be studied.

The overall aim is to gain a greater understanding of the steps and factors involved

in creating a CaP coating which could improve upon the properties of those in use at

present, as well as including the ability to release drugs from the vesicles incorporated

within these coatings.
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Literature Review

This literature review will summarise and discuss the current knowledge relating to the use

of calcium phosphates (CaP) for coatings to be used on orthopaedic implants, the use of

liposome vesicles for drug delivery applications and the combination of both technologies.

After a general introduction, the structure and solution chemistry of the relevant cal-

cium phosphate phases will be reviewed. This will be followed by a section looking at the

detail of coating methodology in its current state, research and background information

on liposomes and finally, composites of liposomes and CaP phases.

2.1 Ceramics in Orthopaedics

Calcium Phosphates are one subset of a type of ceramic material1 used in clinical ap-

plications (Figure 2.1). These materials are termed ‘bioceramics’ because of their use in

biological environments. However, CaP ceramics differ from other bioceramics, such as

alumina (Al2O3), because they mimic the inorganic constituents of the calcified tissues

1Non-metallic, inorganic materials which exhibit a broad range of composition.
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Figure 2.1: Clinical uses of bioceramics (Hench and Wilson, 1993)

found in the body. Also, CaP ceramics are classed as bioactive2 as opposed to bioinert3.

2.1.1 Clinical Usage of Calcium Phosphates

The bulk of the bone tissues can be said to be made up of a proteinaceous component

(collagen) and an inorganic (CaP) component which is thought to be a poorly crystalline,

2“a biomaterial that is designed to elicit or modulate biological activity.” (Williams et al., 1992)
3biomaterials which elicit little or no host response.

8



Chapter 2. Literature Review

Table 1: Calcium Phosphate Biomaterials. (Adapted from LeGeros (2002))

Calcium phosphate ceramics (synthetic)

Calcium hydroxyapatite, Ca10(PO4)6OH2
CalcititeTM, DurapatiteTM, AlveografTM, OsteografTM

β-tricalcium phosphate, Ca3(PO4)2
SynthografTM, AugmenTM

Biphasic calcium phosphates (mixture of HAp and β-tricalcium phosphate)
TriositTM, MBCPTM, OsteosyntTM

Calcium deficient apatite (unsintered)
OsteogenTM

Calcium phosphate ceramics (natural origin)

Freeze-dried or baked bone from cadavers

Bovine bone derived
BioOssTM, EndoboneTM, TruboneTM, BonApTM

Coral derived (coralline hydroxyapatite)
InterporeTM, Pro−OsteonTM

Calcium phosphate cements
BoneSourceTM, α−BSMTM, CementekTM

non-stoichiometric form of the mineral hydroxyapatite (HAp, Ca10(PO4)6OH2).

There are many commercially available calcium phosphate biomaterials in use today

(Table 1) and much work has been carried out on their effectiveness in dental and or-

thopaedic applications (Klein et al., 1993; Lucas et al., 1993; Oguchi et al., 1995; Søballe

and Overgaard, 1996; Capello et al., 1998; Önsten et al., 1998; Yuan, Yang, Li, Zhang,

de Bruijn and de Groot, 1998; Sun et al., 2001).

CaP ceramics can be made to be either dense or porous to allow bone ingrowth (Klein

et al., 1993); the ideal situation for porous implants being the gradual resorption and

replacement by host tissues.

Bone ingrowth can be coupled with resorption of the biomaterial. This is useful in

cases where a material can be used to fill a space in the body before being replaced by

natural tissues. If the material were to be replaced by bone tissue for example, bone

growth factors could be impregnated into the material surface acting as a support for
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tissue growth before being degraded (Yuan, Zou, Yang, Zhang, de Bruijn and de Groot,

1998; Kirker-Head, 2000; Yuan et al., 2001).

Of the two main types of CaP used as implants (β-tricalcium phosphate (β-TCP) and

HAp), β-TCP is thought to be the most resorbable, however this resorption has proved

to be unpredictable when compared to HAp (Manjubala et al., 2002). This has led to

the use of mixed phase (biphasic) ceramic implants which contain both HAp and β-TCP

(Benahmed et al., 1996; Richard et al., 1998; Toquet et al., 1999).

CaP ceramics have many uses, such as for bone graft substitutes (LeGeros and LeG-

eros, 1993; Lawson and Czernuszka, 1998; Tancred et al., 1998; Moore et al., 2001), which

can be used in varied situations such as maxillo-facial reconstruction, repair of tissues

after neoplasia and replacement of teeth. However, the mechanical properties of materials

such as HAp, being brittle in nature, are not well-suited to their use in load-bearing ap-

plications, especially when a reduction in mechanical integrity is likely with any increase

in degree of porosity.
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2.2 Calcium Phosphate Chemistry

This section deals with the chemistry and properties of the various CaP phases. Particular

attention will be given to the production of CaP phases by precipitation from solution in

a synthetic rather than biological environment.

2.2.1 Amorphous Calcium Phosphate (ACP)

ACP has been described as ‘non-crystalline’ calcium phosphate (Eanes et al., 1965) and

is thought to be the first type of CaP formed during the precipitation process. It is

said to have a Ca/P molar ratio of 1.45 ± 0.05 (Nancollas and Mohan (1970) cited by

Kanzaki et al. (2001)). As suggested by its name, no long range-order can be found in

the structure of ACP. Although this is the case, a structure has been proposed by Posner

and Betts (1975)which consists of units called Posner’s clusters (Ca9(PO4)6); these are

roughly spherical and close-pack to form larger spherical entities which also contain water

molecules.

Kanzaki et al. (2001) have studied the possible alternatives to the structures of Posner’s

clusters, looking at a family of neutral [Ca3(PO4)2]n clusters using ab initio methods. They

found that for monomer and dimer isomers (n = 1, 2) an O-Ca-O bonding pattern occurred

in the most stable structures. Trimer isomers had two different bonding patterns, one with

the calcium atoms at the surface of a cluster forming Ca-O bonds with three PO4 groups,

the other with a central calcium atom forming Ca-O bonds with the six PO4 groups. This

latter structure is the most energetically favourable (Figure 2.2). The authors conclude

that the ACP isn’t necessarily made up of one particular type of cluster. Compact trimers

are energetically favoured to monomers and dimers. Aggregation of clusters leads to a

large energy stabilisation, which conforms to Posner’s proposal that these units are close-
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Figure 2.2: The top view of the S6 isomer with a central calcium atom surrounded by six PO4 groups.
Three calcium atoms coincide with the C3 symmetry axis. (Yellow = Phosphorus, Red = Oxygen, Black
= Calcium) (Kanzaki et al., 2001)

packed in ACP. The formula for ACP should therefore be [Ca3(PO4)2]n[H2O]m when

taking into account the interaction of the clusters with water.

Abbona and Baronnet (1996) cite Christoffersen et al. (1989) as showing the existence

of two forms of amorphous calcium phosphate, both sharing the same composition, but

having different morphologies and solubilities. ACP1 is spherical, whereas ACP2 is disc-

shaped.

Because ACP is thought to be a precursor in the formation of other CaP phases,

studies have been carried out on the transformation process and sequence of phase changes

(Eanes et al., 1965; Boskey and Posner, 1976; Feenstra and de Bruyn, 1979; Wong and

Czernuzka, 1993; Abbona and Baronnet, 1996; Iijima et al., 1997; Yubao et al., 1997; Liou

and Chen, 2002). Eanes et al. (1965) studied the transformation of CaP for two weeks

after precipitation from solutions of high pH and high concentration. They concluded that

the temperature-dependent transformation from the metastable initial phase into a ‘more

ordered apatitic configuration’ was autocatalytic; i.e occurred by homogeneous nucleation.

After this initial conversion, the crystalline surfaces can act as heterogeneous nucleators

for further conversion, leading to the sigmoid-shaped relationship of transformation with
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respect to time which was observed.

Boskey and Posner (1976) found that an apatitic precursor, not ACP was the first

phase formed from solutions of low concentration (total Ca and total PO4 less than 2

mmol/l). This conflicted with the presumptions that ACP was an obligatory precursor

to HAp formation, no matter what the starting conditions.

2.2.2 Dicalcium Phosphate Dihydrate (DCPD)

DCPD, also known as brushite has the chemical formula CaHPO4.2H2O and belongs to

the class of Ca-PO4 sheet-containing compounds. The chemical structure was determined

by Beevers (1958) and further refined by neutron diffraction studies (Curry and Jones,

1971). DCPD has a structure belonging to the monoclinic Ia (C4
8) space group (Curry

and Jones, 1971). A structural projection diagram can be seen in Figure 2.3. From this

it can be seen that the Ca and P atoms lie behind one another, with the thick continuous

lines joining them to the shared oxygens. Each of these calcium atoms also makes contact

with two oxygen atoms in adjacent chains, this can be seen more clearly in Figure 2.4,

which shows the bonds in one of the sheets. These sheets are joined together by water

molecules, the oxygens of which are numbered as 3 in Figure 2.3.

Like ACP, DCPD is thought to be a precursor of hydroxyapatite. Kumar, Desarathy

and Riley (1999) studied this transformation after depositing DCPD onto titanium sub-

strates by an electrodeposition process. One advantage of using DCPD should be the

ability of any implant coated with this technique to supply increased amounts of Ca2+

and PO−3
4 ions early in the life of the implant. After this, the coating could transform into

a less soluble CaP phase [HAp]. By monitoring the calcium ion concentration in various

media types, in which the samples were sitting, they were able to observe the dissolution
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Figure 2.3: Projection of the structure of dicalcium phosphate dihydrate onto a plane perpendicular to
[101] (Beevers, 1958)

and reprecipitation behaviour of the coatings. The mass change of the samples during

this time was also monitored.

Figure 2.4: Diagram of the bonding between the atoms in one of the corrugated sheets of composition
CaPO4 (Beevers, 1958)
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They found that the Ca2+ ion concentration changed with time in all the different

solutions tested. For example, [Ca2+] increased in deionised water and also modified

Hank’s solution (without Ca2+ and Mg2+), whereas it fell in deionised water plus excess

calcium. In the modified Hank’s solution, after the initial increase in [Ca2+], mass changes

also occurred (Figure 2.5).

Figure 2.5: Dissolution and reprecipitation of DCPD: Data showing [Ca2+] and change in mass in a
modified Hank’s solution without Ca2+ and Mg2+) (Kumar, Desarathy and Riley, 1999)

There is an increase in [Ca2+] after 8 hours, which drops off after 12 hours, but a mass

increase only after 36 hours. The fact that the number of Ca2+ ions in solution is falling

at the same time as the mass is still decreasing indicates the precipitation of these ions

into a phase, which is richer in calcium, at the same time as phosphate groups are being

lost into the solution.

Kumar and colleagues subsequently described how the KCl-supported electrolyte used

in their electrodeposition process led to the formation of a type of DCPD which contains

potassium-substituted brushite (Kumar, Xie, Chittur and Riley, 1999). This potassium
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substitution led to a higher rate of transformation to HAp. This was possibly due to the

potassium ions producing strain in the DCPD lattice.

2.2.3 Tricalcium Phosphate (TCP)

There are two main forms of tricalcium phosphate found, α-TCP and β-TCP. Both have

the formula Ca3(PO4)2 and belong to the glaserite structural type, but differ in structure

and characteristics.

2.2.3.1 α-TCP

α-TCP has a monoclinic structure and belongs to the space group P21/a (Mathew et al.,

1977). In this structure, the calcium and phosphate ions are arranged in columns along

[001]. One type of column contains only cations, the other type contains cations and

anions (see diagram in Figure 2.6).

There has been much interest in using α-TCP as a bone-cement material (Yubao et al.,

1997; Durucan and Brown, 2002). This is partly due to the metastable nature of α-TCP at

low temperatures, causing it to be be malleable during implantation before it transforms

into HAp (Yubao et al., 1997; Durucan and Brown, 2002). In fact α-tricalcium phosphate

is thermodynamically stable between 1120 and 1470 � (Mathew et al., 1977).

Durucan and Brown (2002), studied the kinetics of α-TCP hydrolysis to HAp using

isothermal calorimetry. In this experiment, they found that the transition of α-TCP

particles to HAp in water initially followed surface area-dependent kinetics before following

an Avrami model which takes into account nucleation sites, and the morphology of the

end product.
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Figure 2.6: A projection of the α-TCP structure on the (001) plane to show the columnar arrangement.
Oxygen atoms of PO3−

4 groups have been omitted for clarity. The dashed lines in the centre outline a
unit cell corresponding to that of glaserite (K3Na(SO4)2). The dotted lines on the left correspond to the
a unit cell of HAp (Mathew et al., 1977)

2.2.3.2 β-TCP

β-TCP has a rhombohedral structure and belongs to the space group R3c (Rangavittal

et al., 2000). A structural diagram of a unit cell can be seen in figure 2.7.β-TCP can also

be seen to contain columns of Ca atoms and PO4 tetrahedra orientated parallel to the the

c axis. The structure of these columns can be seen in figure 2.8.

As mentioned previously (Section 2.1.1), β-TCP is used as a resorbable bone substitute

in various clinical applications, either on its own or in a biphasic mixture with hydroxya-

patite. It is generally made by sintering calcium deficient apatite (Liou and Chen, 2002),

as described by equation 2.1.

Ca9(OH)(HPO4)(PO4)5 −→ 3Ca3(PO4)2 + H2O (2.1)

Tang et al. (2001) analysed the dissolution kinetics of β-TCP at 37 � using a constant
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Figure 2.7: Unit cell structural diagram of β-TCP (Rangavittal et al., 2000)

Figure 2.8: Structural model to show the two different types of column along the c-axis in β-TCP
(Rangavittal et al., 2000)
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composition method. The effect of Mg2+ and Zn2+ ions was also studied. At a Mg2+

concentration of 1× 10−4 mol/l, the dissolution rate was less than one fifth of that found

without the addition of magnesium. This was thought to be due to adsorption of the

Mg2+ ions to the crystal surfaces. [Zn2+] had an even more drastic effect; the authors

calculated that dissolution could be completely inhibited at 2× 10−6 mol/l.

2.2.4 Octacalcium Phosphate (OCP)

Octacalcium phosphate or OCP, has the chemical formula Ca8(HPO4)2(PO4)4.5H2O (Mathew

and Takagi, 2001). OCP is triclinic with a structure belonging to space group P1. It be-

longs to the apatite structural type of calcium phosphate (Brown et al., 1962). The

structure can be divided into a region termed the ‘apatite layer’ and a region described

as the ‘water layer’ or hydrated layer (Brown et al., 1962). A diagram illustrating a unit

cell of OCP centred on the apatitic layer can be seen in figure 2.9.

Because of the layered structure and the close correspondence of the apatite layer to

the structure of HAp, epitaxial over-growths of one compound over the other are very

likely, forming lamellar mixed crystals of HAp and the hydrated OCP layer (Brown et al.,

1962). Brown et al. (1962) suggested that these mixed crystal structures were the reason

for researchers finding apatitic precipitates with Ca/P ratios of less than 5/3 (that for

HAp).

Meyer and Eanes (1978) conducted an analysis of the transition between the phase

first formed after the initial ACP-crystalline transformation and hydroxyapatite at 25 �.

They suggested that the initial ACP-crystalline phase was actually OCP which transforms

to HAp through a two stage reaction mechanism described in equations 2.2 and 2.3.
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Figure 2.9: A view of the unit cell of OCP showing the apatite layer as the central region. A unit
cell corresponding to HAp is shown. Hydrated layers can be seen at the top and bottom (Mathew and
Takagi, 2001)

5Ca4H(PO4)3 + Ca2+ + 4OH− −→ 7Ca3(PO4)2 + HPO2−
4 + 4H2O (2.2)

8Ca3(PO4)2 + Ca2+ + 4OH− + H2O −→ 5Ca5(PO4)3OH + HPO2−
4 (2.3)

More recently, Iijima et al. (1997) studied the transition between OCP and HAp at pH

7.4 and 37�. They suggested that when water molecules were released from the hydrated

layer, the apatitic domains were left, which then grew to form HAp. A previous study by

Iijima et al. looked at the effect of carbonate (CO2−
3 ) ions on the formation of OCP from

metastable calcium phosphate solutions at pH 7.4 and 37� (Iijima et al., 1995). They

found that the CO2−
3 ion changes the OCP/apatite ratio of the reaction product, with the

ratio increasing and then decreasing when [CO2−
3 ] is raised (0 → 20 mmol/l). Eidelman
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and Eanes (2001) report on how the hydrolysis of OCP to HAp may be accelerated by

F− and inhibited by Mg2+ and Zn2+ ions.

2.2.5 Hydroxyapatite (HAp)

Hydroxyapatite (Ca10(PO4)6(OH)2) belongs to the hexagonal system with space group

P63/m (Kay et al., 1964). This space group has a six-fold c-axis which is perpendicular

to three equivalent a-axes at angles of 120◦ to each other. A diagram of a unit cell can be

seen in figure 2.10. Alternatively, the HAp unit cell structure can be thought of consisting

Figure 2.10: The atomic arrangement of hydroxyapatite projected on the x − y plane. (Kay et al.,
1964)

of two distinct types of Posner’s cluster (see description of ACP section 2.1) of different

chirality (right and left-handed) (Treboux et al., 2000). They have a non-centrosymmetric
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Figure 2.11: Schematic representation of the hydroxyapatite crystal projected on the ab plane. Four
Posner’s clusters (Ca9(PO4)6) of identical chirality are represented. Positive and negative columns are
formed parallel to the c-axis by the rest of the atoms (two OH groups and one Ca atom per unit cell).
Black lines delimit the unit cell. One Posner’s cluster (bottom right) is highlighted. The aggregation
of three Posner’s clusters of identical chirality around the positive column leads to the formation of a
supplemental Posner’s cluster of opposite chirality. (Treboux et al., 2000)

C3 symmetry (3-fold rotation axis parallel to the c-axis). A schematic representation of

this can be seen in figure 2.11.

It is very common for ion substitutions to occur in the structure of HAp. The ions

incorporated can replace Ca, PO4, or OH groups. Cations such as Pb2+, Sr2+ and Ba2+

will tend to replace Ca2+, . Anions such as F− or Cl− will substitute for OH− and an-

ionic groups such as CO2−
3 and HPO2−

4 will substitute for PO3−
4 (LeGeros, 1981). In fact,

carbonate can substitute for either the hydroxyl (Type A substitution) or the phosphate

groups (Type B) substitution. Suetsugu et al. (1998) determined the configuration of

the carbonate ion in A-type substituted apatite. They concluded that the apatite crystal

formed was hexagonal with space group P6, with the CO3 able to take up three configura-

tions around the sixfold axis of rotatory inversion. LeGeros and LeGeros (1993) describe

how the substitution of a smaller, planar carbonate group for a larger, tetrahedral PO4

group, could cause a contraction in the a-axis and expansion in the c-axis dimensions

when compared to carbonate free apatites. They also compiled data on the effects of
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other ionic substitutions on crystal lattice parameters and the crystallinity of apatites.

These can be seen in Table 2.

Table 2: Qualitative effects of some substituents for Ca2+, PO3−
4 or OH− in Ca10(PO4)6(OH)2 on

the lattice parameters and crystallinity of apatites.(Adapted from LeGeros and LeGeros (1993))

Substituent Ionic Radius(Å) Lattice Parameters (+/−0.003 Å) Crystallinity
a-axis c-axis

for Calcium, Ca2+ 0.99 9.438 6.882

Strontium, Sr2+ 1.12 (+) (+) (nc)
Barium, Ba2+ 1.34 (+) (+) (-)
Lead, Pb2+ 1.20 (+) (+) (-)
Potassium, K+ 1.33 (nc) (nc) (nc)
Sodium, Na+ 0.97 (nc) (nc) (nc)
Lithium, Li+ 0.68 (nc) (nc) (nc)
Magnesium, Mg2+ 0.66 (-) (-) (-)
Cadmium, Cd2+ 0.97 (-) (-) (-)
Manganese, Mn2+ 0.80 (-) (-) (-)
Zinc, Zn2+ 0.74 (+) (+) (-)
Aluminium, Al3+ 0.51 (+) (+) (-)

for OH−

Fluoride, F− 1.36 (-) (nc) (-)
Chloride, Cl− 1.81 (+) (-) (nc)

for PO3−
4

Carbonate, CO2−
3 (-) (+) (-)

HPO2−
4 (+) (nc) (nc)

(+) increase, (-) decrease, (nc) no change
If prepared at temperatures below 60 �, CO3,P2O7,Mg,Al, when present at a critical

concentration in solution cause the formation of amorphous calcium phosphate.

Eanes and Hailer (1998) studied the effects of F− on apatite crystal morphology, specif-

ically those grown from physiologic-like solutions at 37 �, whilst using constant composi-

tion methods. The formation of the apatite crystals was the result of a seeded precipitation

reaction, in which apatite crystals were added to the reaction solutions. An increase in

[F−] had the effect of accelerating the precipitation of new apatite. It was found that

most of the F− ions were incorporated into the newly formed solid. Physiologic carbonate

concentrations in the reaction solutions were found to inhibit the apatite precipitation at
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low concentrations and then slightly accelerate it at higher concentrations. The authors

later concluded that the CO2−
3 ions promoted the growth of new crystals rather than fur-

ther growth of the crystals used to seed the reaction. The addition of F− to the carbonate

containing solutions, however, had the same effect of increasing the rate of precipitation

as it did in solutions which did not contain CO2−
3 . This reversal of the inhibitory effect of

CO2−
3 led to a change in the morphology of the crystals resulting from the precipitation;

they grew more in width rather than length.

The increased rate of formation of new apatite with the addition of F− was proposed

to be due either to the direct formation of fluoridated apatite or to increasing the rate of

the hydrolysis of OCP to apatite. Mg2+ addition to the solution was found to strongly

inhibit the formation of new solids and also there was a low uptake of the ion into the

solid which did form.

A subsequent paper (Eanes and Hailer, 2000) took the constant composition experi-

ment further, looking at the effect of various chemicals such as phosvitin, polyaspartate,

polyglutamate, bovine serum albumin (BSA) and citrate on the morphology of the apatite

crystals. All of the chemicals tested were found to inhibit the rate of precipitation. Citrate

and BSA particularly, were found to favour the growth of smaller crystals, suggesting that

growth of the seed crystals was suppressed in favour of new crystals. The other chemicals,

however, were found to favour the growth of the seed material. The effect that these

anionic chemicals had on the resulting crystal morphology was to increase the width of

the crystals over the length, as was found previously for carbonate.

Corrand (1998) carried out an in-depth study on the effects of eight different biochemi-

cals on the morphology and precipitation behaviour of HAp. The calcium-binding affinity

(KM
ML) of these molecules was then measured using a potentiometric method involving au-

tomated titrations and ion concentration monitoring. This allowed the ionic end groups of
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the molecules to be ranked according to KM
ML. The ranking order can be seen in equation

2.4.

−C− P−O2−
3 > −O− P−O2−

3 > −COO− > −COO−(+− NH+
3 ) > −OH (2.4)

The molecules which had the lowest KM
ML values (e.g. l-alanine) were found to have no

significant effect on the precipitation rate of HAp (37.4 �, pH7.4). Those molecules which

had a higher binding affinity (e.g. the phosphorylated molecules) were found to have have

an antagonistic effect on the precipitation rate depending on concentration i.e their effect

was competitive. At low concentrations, they would speed up the rate, but at higher

concentrations, they would slow precipitation down. The molecules with the highest KM
ML

values were also found to inhibit type B carbonate substitution in the resulting apatite

crystals.
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2.3 Comparison of crystallographic properties

The structural properties of the calcium phosphate phases described in the previous sec-

tions are summarised in the following table:

Table 3: Structural characteristics of the calcium phosphates.

Phase Abbreviation Chemical formula Structure a b c

(Å) (Å) (Å)
Amorphous calcium ACP [Ca3(PO4)2]n[H2O]m — — — —

phosphate1

Dicalcium phosphate DCPD CaHPO4.2H2O Monoclinic 5.812 15.180 6.239
dihydrate2 Ia (C4

8)
α-Tricalcium α-TCP Ca3(PO4)2 Monoclinic 12.887 27.280 15.219
Phosphate3 P21/a

β-Tricalcium β-TCP Ca3(PO4)2 Rhombohedral 10.43 10.43 37.39
Phosphate4 R3c

Octacalcium OCP Ca8H2(PO4)6.5H2O Triclinic 19.87 9.63 6.87
Phosphate5 P1

Hydroxyapatite6 HAp Ca10(PO4)6OH2 Hexagonal 9.432 9.432 6.881
P63/m

1Kanzaki et al. (2001) 2Beevers (1958) 3Mathew et al. (1977)
4Rangavittal et al. (2000) 5Brown et al. (1962) 6Kay et al. (1964)
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2.4 Kinetics of precipitation and crystal growth

A description of the precipitation and subsequent crystal growth of calcium phosphates

from aqueous solution will now be given, with particular reference to hydroxyapatite and

to near-physiologic conditions (pH 7.4, 37 �).

2.4.1 Precipitation

2.4.1.1 Solubility

The direction of many reactions involving the calcium phosphates is determined by their

solubility. For an aqueous solution containing a calcium component and a phosphate

component, the solution can be described in terms of the actual components such as

Ca(OH)2 or H3PO4 and H2O. Alternatively, the solution may be described in terms of

the total calcium concentration [Ca2+], the total phosphate concentration [PO3−
4 ] and the

solution pH.

Chow (2001) describes the definition of the solubility product constant for HAp. This

definition makes use of the components present in the dissolution reaction of HAp:

Ca5(PO4)3OH (solid) ⇀↽ 5Ca(OH)2 + 3H3PO4 − 9H2O (2.5)

In a saturated solution, in which the solid and solution are in equilibrium, the chemical

potential for HAp at a standard state (µ◦HAp) is given by:

µ◦HAp = 5µCa(OH)2 + 3µH3PO4 − 9µH2O (2.6)

27



Chapter 2. Literature Review

µ◦ of the designated component is constant at a given temperature and pressure. The

chemical potentials of the components in aqueous solution, which vary with the composi-

tion of the solution (right hand side of equation 2.6) can be described by:

µCa(OH)2 = µ◦Ca(OH)2 + RT ln(aCa2+)(aOH−)2 (2.7)

µH3PO4 = µ◦H3PO4 + RT ln(aH+)3(aPO3−
4

) (2.8)

µH2O = µ◦H2O + RT ln(aH+)(aOH−) (2.9)

The quantities in parentheses are the activities (ax, where x is the relevant ion). If

equations 2.7, 2.8 and 2.9 are substituted into equation 2.6, the following is given:

µ◦HAp− (5µ◦Ca(OH)2 + 3µ◦H3PO4 − 9µ◦H2O) = RT ln(aCa2+)5(aPO3−
4

)3(aOH−) (2.10)

The left hand side of equation 2.10 is known as the standard free energy of dissolution for

HAp (∆G◦
HAp):

∆G◦
HAp = µ◦HAp− (5µ◦Ca(OH)2 + 3µ◦H3PO4 − 9µ◦H2O) (2.11)

The variable section on the right hand side of equation 2.10, (aCa2+)5(aPO3−
4

)3(aOH−), is

known as the ionic activity product of HAp (IAPHAp). From equation 2.10 it can be

seen that for any solution which is saturated with respect to HAp, IAPHAp is related only

to ∆G◦
HAp and is therefore a constant, termed the solubility product constant for HAp

(Ksp(HAp)):

Ksp(HAp) = IAPHAp = (aCa2+)5(aPO3−
4

)3(aOH−) (2.12)

The following table gives some experimentally determined values of Ksp:
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Table 4: Experimental values of Ksp at 37◦C

Ksp Value Reference
Ksp(DCPD) 1.87× 10−7 Marshall (1970)
Ksp(TCP) 2.83× 10−30 Gregory et al. (1974)
Ksp(OCP) 5.01× 10−50 Moreno et al. (1960)
Ksp(HAp) 2.35× 10−59 McDowel et al. (1977)

2.4.1.2 Supersaturation

In order for precipitation of a phase to occur, it must be thermodynamically favourable

for it to do so. This means that the solution must be supersaturated with respect to the

phase which is to precipitate. Supersaturation (β), is defined as:

β =

(
IP

Ksp

) 1
υ

(2.13)

IP = the ionic product of the relevant ions

Ksp = the solubility product constant for the particular phase

υ = the number of ions in the resulting formula unit

(e.g for HAp, υ = (Ca2+)5 + (PO3−
4 )3 + (OH−)1 = 9)

The ionic product (IP), in equation 2.13 can be related to the IAP, (described earlier

and in equation 2.12), by using calculated activity coefficients of ions derived from Debye-

Hückel theory; this assumes that the ions behave like point charges in a continuous medium

with a dielectric constant which is equal to that of the solvent. Butler (1964) described

the Debye-Hückel limiting law, which applies to any completely dissociated electrolyte in

sufficiently dilute solution and is given by:

− log χ = Az2
√

I (2.14)

χ = the activity coefficient of the ion
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z = the charge on the ion

I = the ionic strength of the solution and is defined as half the sum of the concentration

of each ion in the solution multiplied by the square of its charge:

I =
1

2

∑
i

[i]z2
i (2.15)

A is a constant which is dependent upon the absolute temperature (T ) and the dielectric

constant of the solvent (ε):

A = 1.825× 106(εT )
−3
2 (2.16)

The limiting law (equation 2.14) is obeyed only at ionic strengths below 1 × 10−2

molar, because of this, an extended version of the Debye-Hückel law was formulated, and

was subsequently modified by Davies (1962) to give:

− log χ = Az2

( √
I

1 +
√

I
− 0.2I

)
(2.17)

According to Butler (1964), the Davies modification gives a reasonable approximation of

the values of χ, with an error of less than 3% at an ionic strength of 0.1 mol/l.

These values of χ can then be used to calculate ionic product of the solution for a

particular phase by multiplying the activity coefficient by the ionic activities for the ions:

For HAp, IAPHAp = (aCa2+)5(aPO3−
4

)3(aOH−) (as stated in 2.12) and,

IPHAp = [Ca2+]5[PO3−
4 ]3[OH−]χ1χ

5
2χ

3
3 (2.18)

Where χ1, χ2 and χ3 are are the ionic activity coefficients for z = 1, 2 and 3 respectively.
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The same derivation is used to work out the ionic products for other phases:

IPACP = [Ca2+]3[PO3−
4 ]2[H+][OH−]χ2

1χ
3
2χ

2
3 (2.19)

IPTCP = [Ca2+]3[PO3−
4 ]2χ3

2χ
2
3 (2.20)

IPDCPD = [Ca2+][HPO2−
4 ]χ2

2 (2.21)

IPOCP = [Ca2+]4[H+][PO3−
4 ]3χ1χ

4
2χ

3
3 (2.22)

The solubility product (Ksp) for ions of the relevant phases when in equilibrium with

the solid phase can be described as follows:

For DCPD CaHPO4 · 2H2O(s) ⇔ Ca2+(aq) + HPO2−
4 (aq)

Ksp(DCPD) = ([Ca2+]χ2)eq([HPO2−
4 ]χ2)eq

For OCP Ca4H(PO4)3 · 2.5H2O(s) ⇔ 4Ca2+(aq) + H+(aq) + 3PO3−
4 (aq)

Ksp(OCP) = ([Ca2+]χ2)
4
eq([H

+]χ1)eq([PO3−
4 ]χ3)

3
eq

For HAp Ca5H(PO4)3OH(s) ⇔ 5Ca2+(aq) + 3PO3−
4 (aq) + OH−(aq)

Ksp(HAp) = ([Ca2+]χ2)
5
eq([PO3−

4 ]χ3)
3
eq([OH−]χ1)eq (2.23)

If the value of β determined from equation 2.13 is greater than 1, then the solution

is said to be supersaturated with respect to the phase in question. In this case it is

thermodynamically viable for the phase to precipitate from solution.

For more detail on practical calculation of supersaturation please see Appendix A.

2.4.2 Crystal Growth of Hydroxyapatite (HAp)

Koutsopoulos (2001) has studied the crystal growth of HAp at 37� and pH 7.4 in a
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metastable calcium phosphate solution. The crystal growth was initiated by adding cal-

cium chloride solution to a phosphate solution, which already contained HAp seed crystals.

The crystals were added first in order to allow the surfaces of the crystals to equilibrate

with the surrounding liquid before precipitation started. Constant-composition4 condi-

tions were used for the kinetic studies.

The crystallisation of HAp was found to occur exclusively at active growth sites on

the seed crystals, rather than through spontaneous precipitation or secondary nucleation.

This could be determined because variations in seed crystal concentration did not affect

the crystal-growth rate. Additionally, through variable stirring-rate experiments, the rate

determining step in the growth of the crystals was found to be surface diffusion of the

growth units, rather than diffusion of the growth units through a stagnant layer at the

crystal surface from the bulk solution or by transport of the crystal particles into the

solution.

Under these conditions, (supersaturated solution under constant composition condi-

tions at pH 7.4 and 37�), spiral growth on the crystal surface explained the data best

(Koutsopoulos, 2001).

Christoffersen, Dohrup and Christoffersen (1998) describe a growth model which is

based on a polynuclear mechanism in which there are very few hydroxyl ions in the

surface of HAp crystals. Hydroxyl ions are produced from trapped water molecules in

the surface, which dissociate as Ca2+ and PO3−
4 ions enter the crystal surface. They then

used this model when looking at the growth of HAp in solutions with varying calcium to

phosphate ratios (Christoffersen, Dohrup and Chrisoffersen, 1998). The model was found

to describe the growth rate reasonably well. The authors concluded that the the growth

4Experimental procedure in which constant molarity of all of the reactants is maintained in a super-
saturated solution (after Koutsoukos et al. (1980))
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was strongly influenced by hydroxyl ion formation below the growing surface.

2.5 Biological Calcium Phosphate

The calcium phosphate phases discussed so far have been synthetic in origin. Although

they have attracted interest due to the similarity of their composition with that of the

calcified tissues in the body, many differences exist between manufactured CaP and those

in nature. It is important to understand these differences in order to be able to produce

materials which will be compatible with those found in vivo.

2.5.1 Biological Apatite

The biological apatites differ from pure HAp in terms of their stoichiometry, composi-

tion and crystallinity. According to LeGeros and LeGeros (1993), biological apatites are

usually calcium-deficient and are always carbonate substituted. Many now believe that

enamel, dentine and bone mineral can be said to consist of one phase, carbonatehydroxya-

patite. This has the approximate formula: (Ca, Mg, Na)10(PO4, HPO4, CO3)6(OH, Cl, F)2

(LeGeros, 2002).

There has been long running controversy over whether there is an amorphous calcium

phosphate phase present in bone mineral. Glimcher et al. (1981), argued that previous

x-ray diffraction studies, which reported to find an amorphous component of bone were

flawed. By looking at the radial density functions of the x-ray data, they concluded that

order could in fact be seen in bone tissue, even in the embryonic stage. This questioned the

old supposition that young bone contained a very high quantity of ACP, which transformed

into more crystalline phases with age. The evidence for the presence of other phases such

as OCP in biological systems has also been termed ‘ambiguous’ (Eidelman and Eanes,
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2001), possibly due to the complexity of the tissues found and the preparation methods

required in order to analyse them.

In terms of morphology, the bone mineral consists of platelets of variable length which

have widths of 30 to 45 nm and a thickness of approximately 5 nm. The platlets are orien-

tated with their c-axes parallel to one another and lie along the collagen fibrils (LeGeros,

2002).
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2.5.2 Composition of Bone

The following table compares the composition, stoichiometry and mechanical properties

of enamel, bone and HAp:

Table 5: Comparative Composition, Crystallographic and Mechanical Properties of Human
Enamel, Bone and Hydroxyapatite Ceramic. (Adapted from LeGeros and LeGeros (1993))

Enamel Bone HAp
Constituents (wt %)
Calcium, Ca2+ 36.0 24.5 39.6
Phosphorus, P 17.7 11.5 18.5
(Ca/P) molar 1.62 1.65 1.67
Sodium, Na+ 0.5 0.7 trace
Potassium, K+ 0.08 0.03 trace
Magnesium, Mg2+ 0.44 0.55 trace

Carbonate, CO2+
3 3.2 5.8 —

Fluoride, F− 0.01 0.02 —
Chloride, Cl− 0.30 0.10 —
Ash (total inorganic) 97.0 65.0 100
Total organic 1.0 25.0 —
Absorbed H2O 1.5 9.7∗ —
Trace elements: Sr2+,Pb2+,
Ba2+,Fe3+,Zn2+,Cu2+, etc.

Crystallographic properties

Lattice parameters (+/− 0.003Å)
a-axis 9.441 9.419 9.422
c-axis 6.882 6.880 6.880
Crystallinity index 70− 75 33− 37 100

Crystallite size, Å 1300× 300 250× 25− 50
Products after sintering
(950◦C) HAp + TCP HAp + CaO HAp

Mechanical Properties
Elastic modulus (GPa) 82.4† 20∗‡ 112§

Tensile strength (MPa) 70 150∗ 100

∗Values for cortical bone
†Peyton (1968)
‡Bayrakta et al. (2004)
§de With et al. (1981)
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Figure 2.12: Schematic representation of the hierarchy in bone (Lawson and Czernuszka, 1998)

2.5.3 Structure of Bone

Collagen and apatite are arranged in a highly organised hierarchical structure as shown

in Figure 2.5.3. Weiner and Wagner (1998) described seven levels of organisation:

(i). The major components; apatite crystals, type I collagen and water.

(ii). The combination of the plate-like apatite crystals and the collagen microfibrils form-

ing mineralised fibrils.

(iii). Bundles of fibrils which form fibres (or fibril arrays).

(iv). A level of structure which is dependent on the way that the fibrils are organised, for

example they can be parallel (as in fish bones), woven (as in mammalian embryos)

or radial (as in dentin).

(v). Cylindrical motifs called osteons or Haversian systems formed as a result of bone

remodelling by cells.
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(vi). A macrostructure of either solid bone (also known as cortical or compact bone) or

spongy (trabecular) bone.

(vi). The final level of organisation - whole bones.

2.6 Biological Mineralisation

This section will give a brief overview of the current opinions held about the process by

which calcium phosphates are deposited in living tissue.

Betts et al. (1981) split their description of the different tissue mineralisation theories

into three categories:

(i). Mechanisms which raise the local Ca2+ and PO3−
4 ion product to levels sufficient for

spontaneous precipitation. For example, a marker for active tissue mineralisation is

the enzyme alkaline phosphatase, this is said to hydrolyse phosphate esters, leading

to an excess of free organic phosphate, which in turn will raise the Ca2+ and PO3−
4

ion product.

(ii). Substances or mechanisms that create nucleating sites and/or remove any barriers

to these sites.

(iii). Mechanisms/substances which prevent the formation of mineral and must be ren-

dered inactive or removed to permit calcification.

There has been much debate over whether the mineralisation process starts with or-

ganic molecules such as collagen (as reviewed by Mann (1988)) or by associations with

extra-cellular matrix vesicles (Hoshi and Ozawa, 2000; Murphy and Messersmith, 2000).
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The collagen theory stems from the fact that there are well-defined crystallographic rela-

tionships between the calcium phosphate crystals deposited in bone and the macromole-

cular substrate on which they are deposited (Mann, 1988). The configuration of collagen

fibrils found in calcified tissues is a quarter-staggered arrangement this means that holes

and grooves are found to be arranged across the fibrils. It is thought that nucleation of

mineral phases can take place in these structures, leading to the crystallographic config-

uration discovered. However, according to authors such as Hoshi and Ozawa (2000), the

presence of 40 to 200 nm, membrane-bound structures, observed by electron microscopy in

bone formation studies, leads to the conclusion that these structures are somehow involved

in the calcification process. These vesicles have been found to contain HAp crystals, sug-

gesting that they serve as sites of initial nucleation. Boskey (1998) came to the conclusion

that perhaps matrix vesicle-based mineralisation occurs alongside collagen-based miner-

alisation at sites where the collagen-based process is not favoured but, in other tissues,

vesicles are not required.

2.7 Coating Methodology

Combining the strength of orthopaedic alloys such as TiAl(6%)V(4%) with the bioactivity

of CaP materials, in the form of a coating, has been achieved by many methods. Examples

of such methods include pulsed laser deposition (Clèries et al., 2000), surface coating by

casting (Sohmura et al., 2001), ion-beam sputter deposition (Lucas et al., 1993), plasma

spraying (Lacefield, 1993; Sun et al., 2001), biomimetic precipitation (Yan et al., 1997;

Habibovic et al., 2002) and electrodeposition (Shirkhanzadeh et al., 1994; Peaker and

Czernuszka, 1996; Haddow et al., 1999; Manso et al., 2000).

There are certain quality specifications for the coatings which must be met, no matter
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which production technique is used. These include the phase composition, Ca/P ratio,

crystallinity, microstructure, porosity, surface roughness and thickness (Sun et al., 2001;

Geesink, 2002). The American Food and Drug Administration has produced guidelines

to which hydroxyapatite coatings must conform (Table 6).

Table 6: Hydroxyapatite Coating Requirements.(Adapted from Geesink (2002))

Property Specification
Thickness not specified
Crystallinity 62% minimum
Phase purity 95% minimum
Ca/P ratio 1.67-1.76
Density 2.98 g/cm3

Heavy metals <50 ppm
Tensile strength >50.8 MPa
Shear strength >22 MPa
Abrasion test not specified

Data Source: Food and Drug Administration: Calcium Phosphate (Ca-P) Coating Draft
Guidance for preparation of Food and Drug Administration Submissions for Orthopaedic

and Dental Endosseous Implants. Baltimore, Food and Drug Administration, 1992.

2.7.1 Current methods

There are comparative advantages and disadvantages of the various techniques used to

coat the metallic substrates. Plasma spraying is the most commonly used technique.

This is owing to the speed at which thick, visually uniform coatings can be produced

on a large scale. However, there are many concerns over the fact that the feedstock

HAp powder is accelerated to a high velocity and heated in a plasma which can reach

temperatures as high as 30,000 K, before being rapidly cooled when it hits the metallic

substrate (Sun et al., 2001). Because of this, the structure and composition of the coating

is significantly different from the feedstock material. This means that the coating is of

a lower purity (Geesink, 1989) and crystallinity than the starting HAp. New phases

which are commonly found in the coating include an amorphous component as well as
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tricalcium phosphate (Ca3(PO4)2) tetracalcium phosphate (Ca4P2O9, TTCP) and calcium

oxide (CaO) (Sun et al., 2001). Residual stresses (both compressive and tensile) have been

found to exist in these coatings and are said to lead to a variety of methods of failure as

well as affecting the thermodynamics of coating dissolution (Sergo et al., 1997). The high

temperatures involved in plasma spraying lead to the inability to add any temperature-

sensitive biological molecules such as antibiotics or growth factors. Finally, the fact that

the process is line-of-sight means that it is also difficult to adequately coat complex shapes

and porous surfaces.

Because (plasma sprayed) HAp coatings have been in clinical use since the mid 1980’s

(Geesink, 1989), analyses exist of their performance when implanted into humans. For

example, Önsten et al. (1998) looked at the results of a randomised series of 116 knee

replacements using hydroxyapatite-augmented porous coatings, porous coatings, and ce-

mented fixation of tibial components of the same design. The hydroxyapatite-augmented

porous coatings were found to be more stable than the porous implants between 12 and

24 months post-operatively. However, no stability difference was found between HAp-

augmented and cemented components.

A study by Røkkum et al. (1999) followed 100 consecutive hip arthroplasties for 7

to 9 years. Implant cups and stems coated with HAp were used in all cases. There

was extensive bony incorporation in all of the components, as determined by radiography.

There were no cases of stems loosening, but five acetabular cups had to be revised. Various

other reports in the literature are equally positive (Kroon and Freeman, 1992; Søballe and

Overgaard, 1996; Capello et al., 1998; Hamadouche and Sedel, 2000; Geesink, 2002).

Gross et al. (2002) looked at the link between variations in the microstructure of plasma

sprayed HAp coatings and the pattern of coating loss on an implant removed from a sub-

ject during revision surgery. They concluded that variations in coating crystallinity may
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have led to faster coating degradation on some (more amorphous) areas of the implant,

releasing particles that were more crystalline in nature, such as unmelted feedstock ma-

terial and other particulate matter. These particles could have then caused inflammation

and implant loosening as a result of the immune response which they trigger.

2.7.2 Biomimetic methods

Biomimetic coating methods are those which mimic the bone formation process in vivo

i.e. at low temperatures and in simulated body fluid (SBF). These methods are hoped to

overcome many of the problems associated with the high temperatures and unpredictable

results of plasma spraying methods.

The biomimetic method can often take up to 14 days to complete, with the SBF

needing to be changed several times during coating (Li and Ducheyne, 1998). To shorten

coating times, the substrate surface can be treated to enhance deposition rate, the SBF

concentration increased, or a combination of both practices used (Wang et al., 2004).

Habibovic et al. (2002) suggested that there are four main advantages of biomimetic

approaches:

1. The low temperature at which the process takes place allows applications on heat

sensitive substrates, including polymers.

2. Apatite crystals similar to those found in bone tissue are formed. These have good

resorption characteristics and are highly bioactive.

3. The coating is evenly deposited on or into complex or porous implant geometry.

4. Temperature sensitive factors, such as those which stimulate bone growth can be

incorporated.
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In order to increase the ionic concentration of their SBF, Habibovic et al. (2002)

added CO2 to their solutions, thereby reducing the pH and increasing the solubility of

CaP. As the CO2 released slowly from solution, both the pH and saturation of the solutions

increased, leading to precipitation of the coating material. Samples were first coated with

a thin layer of CaP growth nuclei by being left for 24 hours in a SBF solution at 37 �.

This first solution contained relatively high levels of HCO−
3 and Mg2+ ions which slowed

any precipitation. More rapid coating was then achieved by transferring the samples to

a similar coating solution but this time with lower levels of the inhibitory ion species.

Incubation in the second solution occurred for 48 h at 50�. The resultant coating was

described as closely resembling bone mineral and being around 30 µm in thickness.

If the initial coating with CaP nuclei was skipped and the clean Ti(6%)Al(4%)V was

put straight into the second stage of the process, a more loose and non-uniform coating

was obtained than when both steps were used. Habibovic et al. (2002) go on to conclude

that heterogeneous and homogeneous CaP nucleation compete in the second coating stage,

but since nuclei are more energetically stable on the seeded metal surface than in solution,

the initial amorphous CaP primer layer (produced in the first solution) is essential.

This study has since been followed up with a much closer look at the calcium phosphate

nuclei on the metal surface using techniques such as atomic force microscopy (AFM) and

environmental scanning electron microscopy (ESEM) (Barrère et al., 2004). They found

that CaP deposits started to form on the metal surface after just ten minutes in an

SBF solution made up to five times the usual concentration (SBF×5). This formation of

deposits on the surface happened long before precipitation of CaP occurred in the solution,

therefore heterogeneous nucleation was taking place. Initial deposits formed were on the

scale of a few nanometres across but after ≈ 2 h, these had grown to the region of 50-100

nm across. A continuous coating was found after ≈ 4 h. They also observed a glassy
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matrix at the interface between the CaP globules and the titanium alloy surface. It was

speculated that this could be composed of Posner’s clusters (Ca9(PO4)6, Section 2.2.1),

stabilised by magnesium ions and water.

Lin et al. (2002) encountered problems when trying to deposit an apatite layer from

SBF onto their heat and alkali-treated 316L stainless steel samples at 37 �. Iron oxides and

iron chromium oxides formed at the surface of their samples, weakening the attachment

of any coating produced. Increasing the reaction temperature to 80 � seemed to help

prevent this. The paper makes several assumptions however, for example about a 50 to

100 µm coating being necessary for bone bonding.

To determine the effectiveness of biomimetic coatings in vivo, a study by Yan et al.

(1997) compared the bone bonding strength of uncoated titanium and apatite-layer coated

titanium. The coating was produced using a SBF method. After manufacture, the samples

were implanted into the tibiae of rabbits. At all time periods when the animals were

sacrificed (6,10 and 25 weeks after implantation) the tensile failure load, when the implants

became detached from the bone, was significantly higher for the coated as opposed to

uncoated samples. Histological examination revealed that there was active bone formation

directly around the apatite coated implants, whereas there was an intervening fibrous

tissue layer present in the non-coated implants.

2.7.3 Electrodeposition Techniques

The current uses of electrodeposition are diverse and numerous. Boccaccini and Zhit-

omirsky (2002) describe many of these applications such as in the production of solid

oxide fuel cells, for producing fibre reinforced ceramic matrix composites, depositing su-

perconducting films and in producing a variety of different coating types from those used
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in electronic applications to those designed for wear and corrosion resistance. Organic

automotive coatings are frequently applied with the assistance of electrodeposition as are

laminate coatings which can be manufactured by alternating the coating solution compo-

sitions (van der Biest and Vandeperre, 1999). However, despite the wide-ranging uses of

electrodeposition, the actual mechanisms of deposition are not yet fully understood.

Electrodeposition techniques are said to share the advantages of biomimetic methods

(section 2.7.2) but with many added benefits that include:

� A reduction in coating time and dependence on substrate chemistry (Haddow et al.,

1999)

� added ease of process control (Rößler et al., 2002)

� better packing and uniformity of the deposit (Zhitomirsky and Gal-Or, 1997)

� regulation of coating morphology and microstructure through control of current

density and loading time (Ban and Maruno, 1998b).

The mechanisms of electrodeposition of CaP materials can be divided into those which

are electrophoretic and those which are electrolytic. It appears that the main characteristic

distinguishing the two processes is that electrolytic deposition uses a solution of metal

salts, and is used to produce thin films, rather than the suspensions of particles used in

the electrophoretic process, which are used to produce thicker powder-compact coatings.

Each process will now be described separately.

2.7.3.1 Electrophoretic deposition (EPD)

In their reviews of the process, van der Biest and Vandeperre (1999); Zhitomirsky (2002)

and Boccaccini and Zhitomirsky (2002) describe how electrophoretic deposition is a two-
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step process in which charged ceramic particles that are suspended in a liquid medium

firstly migrate in an electric field and secondly collect to form a deposit on the electrode.

Charged particles in suspension are said to be surrounded by what is termed the

“double layer.” This is a cloud of ions with an opposite charge which are present around

the particle in a concentration higher than that found in the bulk solution. A schematic

of the double layer can be seen in figure 2.13.

Figure 2.13: Schematic of the double layer surrounding a charged particle and the evolution of the
electric potential from the surface potential, Ψ0, to zero far from the particle. The potential at the
surface of shear, the limit between the liquid moving with the particle and the liquid which does not
move with the particle, is termed the zeta-potential, Ψζ , and is the main parameter determining the
electrokinetic behaviour of the particle (van der Biest and Vandeperre, 1999)

The ions and the particle should move in opposite directions when an electric field is

applied, but these ions are also attracted by the particle. Because of this some of the

ions will move along with the particle and the speed of the particle is not determined by

the charge on the surface of said particle itself but by the net charge enclosed within the
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liquid sphere (van der Biest and Vandeperre, 1999).

Many of the models of how EPD takes place depend upon the Derjaguin-Landau-

Verwey-Overbeek (DLVO) colloidal stability theorems (Derjaguin and Landau, 1941; Ver-

wey and Overbeek, 1948). These state that interactions between particles consist of the

repulsion between their double layers and their van der Waals’ attraction. The research

of recent years has shown that other forces can also act which can result in particle coag-

ulation and affect film stability (Zhitomirsky, 2002). DVLO theory is also important in

current understanding of electrolytic deposition (Section 2.7.3.2).

For the deposition part of the electrophoretic process; Boccaccini and Zhitomirsky

(2002); Zhitomirsky (2002) and van der Biest and Vandeperre (1999) describe many con-

flicting views of how it occurs. The original idea was that of Hamaker and Verwey (1940)

who described deposit formation to be comparable to sedimentation due to gravity. This

way, the particles can overcome their repulsion to each other, when close to the electrode,

due to the pressure that is being exerted by the incoming particles.

Reactions taking place at the electrodes and the resultant change in the chemistry

of the surrounding solution are agreed to have a direct effect on the deposition process.

For example the reduction of water at the cathode will lead to an increase in pH due to

the formation of OH− ions (equation 2.24) as will the reduction of any dissolved oxygen

(equation 2.25).

2H2O + 2e− → H2 + 2OH− (2.24)

O2 + 2H2O + 4e− → 4OH− (2.25)

This pH increase will affect the solubility of many ions in solution and will also affect

the zeta potential (Ψζ , Figure 2.14) of the particles. Studies specifically looking at the
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pH change around electrodes during electrodeposition will be described later on (Section

2.7.3.3).

Figure 2.14: Zeta potential of ceramic particles versus pH of suspension (Zhitomirsky, 2002)

A decrease in the magnitude of the interparticle repulsive forces can lead to flocculation

of the fine particles which then collapse into a deposit. Koelmans (1955) suggested that

the increase in electrolyte or hydroxyl ion concentration around the electrode would be

sufficient to flocculate the particles, whereas Grillon et al. (1992) suggested that particles

lose their charge upon coming in contact with the electrode or the deposit. Sarkar and

Nicholson (1996) took the view that the thinning of the double layer ahead of a particle in

motion and recombination with the counter ions which move along with the particle, could

account for overcoming the repulsion barrier between the particles that form a deposit.

Whatever the specific mechanisms of deposit formation, the fact that the coating

formed is only a powder compact means that some sort of post-deposition densification

step is required. This may take the form of curing, sintering, or firing to reducing coating

porosity and agglomerate the powder (van der Biest and Vandeperre, 1999; Boccaccini

and Zhitomirsky, 2002). This is obviously a particular problem if heat sensitive substrates

or coating additives are going to be used.

In their study on the EPD of HAp, Zhitomirsky and Gal-Or (1997) overcame poten-
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tial problems of water being adsorbed onto the particles by carrying out the process in

isopropyl alcohol. This is also said to have reduced the gas evolution which occurs when

using water as a suspension medium. The weight of the deposit formed was found to

increase with the voltage and deposition time. Presedimentation of the powders allowed

larger particles to be removed from the solution resulting in the deposits being made up

of finer particles alone. Using lower voltages (i.e. 20 V rather than 200 V) also led to a

finer structure.

Gottlander et al. (1997) deposited calcium deficient HAp electrophoretically on to

commercially pure titanium implants. The EPD process was carried out in isopropyl

alcohol with a potential of 60 V. After sintering at 900� the implants were inserted into

the femurs and tibiae of rabbits.

After four weeks, the bone to implant contact percentage was found to be 5.4% for

the control (uncoated) tibial implants, whereas it was 17.4% for the CaP coated implants.

However, after six months, there was no significant difference in this value between the

two types of implant (37.6% for the control, 37.8% for the coated). The control implants

were found to have significantly more bone growing in the threads of the implant after six

months when compared to those that had been CaP coated.

Peaker and Czernuszka (1996) used an alternative electrophoretic method where, ac-

cording to the authors, the particles of HAp were formed in a continuously precipitating

CaP. These particles initially form as ACP which coalesces in the solution to form gel-like

sheets. The HAp crystals are said to nucleate within these sheets and continue to grow

after the sheets have been deposited onto the cathode. The HAp crystals were deposited

with their c-axis perpendicular to the substrate. Optimum coating conditions were said

to be an electrode spacing of 2.25 cm at 52� with a starting calcium concentration of

1.75 mmol/l and a starting pH of 7.4.
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2.7.3.2 Electrolytic deposition (ELD)

In the electrolytic process metal ions or complexes are hydrolysed by base molecules gen-

erated in electrode reactions (Equations 2.24 and 2.25, Section 2.7.3.1) to form colloidal

particles which then coagulate to form deposits on the electrode substrate. The elec-

trolytic process is usually cathodic. As in the case of electrophoretic deposition (Section

2.7.3.1), increased electrolyte concentrations around the electrode are thought to initiate a

flocculation process (Zhitomirsky, 2002). Therefore many of the same theorems and mod-

els of particle interaction and deposition are valid for both ELD and EPD (e.g. DLVO

theory).

Electrolytic deposition is generally seen as useful in the production of thin, nanostruc-

tured ceramic films as opposed to the thick powder agglomerate films produced by the

electrophoretic process (Zhitomirsky, 2002).

Ban and Maruno (1993) used an ELD technique in simulated body fluid (SBF) buffered

to a starting pH of 7.2 at 22�. The potential used was 2 V. Amorphous calcium phos-

phates were formed with the amount of product being proportional to the square root of

the deposition time. It was concluded that the diffusion of ions around the cathode was

the rate determining step. In a later paper, the authors went on to study what effect

the buffering of the electrolytic solution had on the deposition (Ban and Maruno, 1994).

Much more CaP was deposited on the cathode in the presence of buffer than without pH

stabilisation. This could be attributed to the fact that the pH rose sharply in the whole

solution without buffering, leading to the precipitation of CaP, even far away from the

electrode. The buffer served to maintain the status quo in the solution apart from in the

area immediately surrounding the cathode, where deposition could take place.

Shirkhanzadeh et al. (1994) produced HAp coatings by electrolysis at 65�. The sam-
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ples were then treated in steam for four hours before being calcined at 425� for six hours.

Sodium fluoride was added to the coating solution during the manufacture of one set of

samples. The F− ions were found to successfully substitute for the OH− groups in the

hydroxyapatite crystal structure. The other samples were said to consist of pure HAp.

Many other experiments have been carried out on ELD of calcium phosphate coatings

often with very similar methods using a modified SBF (Ban et al., 1997; Ban and Maruno,

1998a;b; Haddow et al., 1999), these were often carried out at temperatures much higher

than those found in physiological systems. Rößler et al. (2002) claimed to be the first

to carry out electrodeposition of CaP at both near physiological pH and temperature.

They carried out their coating process at 36� at pH 6.4. The process of CaP formation

was followed by atomic force microscopy. From the data gathered, they formed a model

of how they thought that this first layer formed (Figure 2.15). The model involves the

formation of channels which act as pathways for the hydrogen and hydroxyl acid in the

growing layer. The calcium phosphate ‘prelayer’ and the ACP spheres which were found

Figure 2.15: Scheme of nucleation and growth of a calcium phosphate prelayer on a cathodically
polarised titanium surface. (Rößler et al., 2002)

upon it were suggested to be made up of Ca3(PO4)2 clusters which were able to transform

directly into HAp needles.
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Instead of using a CaP prelayer, Park et al. (2004) treated their pure titanium sub-

strates with NaOH before coating by electrodeposition from a modified SPF. This coating

was found to contain mainly HAp and DCPD (section 2.2.2), which nearly all transformed

to HAp after five days in a SBF at 36.5�. By contrast, the control coatings, deposited

on substrate which was not pretreated, consisted mainly of ACP and DCPD which was

also described as less dense and less uniform in appearance. Most of this coating was also

converted to HAp after 5 days maturation in SBF.

2.7.3.3 pH distribution around the electrodes

The first study to measure the pH at the substrate solution interface during CaP elec-

trodeposition used a pH-microsensor technique (Zhang et al., 1998). The sensor was made

from iridium oxide that had been electrochemically deposited onto platinum wire. During

the CaP deposition (starting pH 4.5 at 60�) the pH rose sharply during the first five

minutes of coating (up to pH 8.4 for the highest current density tested of 5 mA/cm)2

before beginning to decrease again very gradually. The pH increase was related to the

current density that they used, as was the type of CaP that was deposited. For low den-

sities (≈ 1 mA/cm)2 mainly DCPD and OCP were deposited as opposed to HAp being

deposited at the highest current density.

Ban and Maruno (1999) used a pH imaging microscope during their process, which

started at pH 7.2 and 80�. Buffered and unbuffered solutions were compared. In the

experiments without buffer, the pH at the electrode surface rose immediately, followed

by the pH of the bulk of the solution in the electrolytic cell, which reached pH 11.9 after

the current had been switched on for approximately 90 s. The pH also increased at the

electrode surface in the presence of buffer, although this increase was not as dramatic.

Far away from the electrode (> 5 mm away), the pH was maintained at roughly the same
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level as measured initially, however there was a layer of the solution ≈ 4 mm away from

the electrode where the pH dropped to 2.8 during coating. This was attributed to the

vigorous formation of H2 gas on the electrode which was then adsorbed into the solution.

2.7.4 Coating adhesion

The American Society for Testing and Materials (Definition of Terms Relating to Adhe-

sion, 1970) defines adhesion as the

“condition in which two surfaces are held together by either valence forces or

by mechanical anchoring or by both together.”

Dini (1993) cites Chapman (1974) when describing how the mechanisms of adhesion can

be split into the following types:

� Interfacial adhesion. Adhesive forces centred around a well defined interface with

minimal atomic mixing.

� Interdiffusion adhesion. In this case the interface is more diffuse and extends for

many atomic layers.

� Intermediate layer adhesion. The coating and substrate are separated by one

or more layers of a different material (e.g. an oxide layer).

� Mechanical interlocking. This occurs whenever the substrate surface is not atom-

ically flat.

Dini (1993) goes on to describe how various methods can be used to increase adhesion

between substrate and coating. One such example is that of etching the substrate in acid
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which provides a much increased surface area and many sites for mechanical interlocking

of the coating.

When considering thin films, Baglin (1991) describes how the energy of adhesion (Ead)

at a planar interface between materials A and B is defined as as the energy gained per unit

area by bringing these materials into contact to produce an interface free energy (γint)

such that:

Ead = EA + EB − γint (2.26)

Where EA and EB are the surface free energies of materials A and B respectively. Large

values of γint could prevent adhesion, while a small value could permit a large energy of

adhesion.

In the research on CaP coatings which has been described in this chapter, there is very

little discussion of the specific coating adhesion mechanisms observed. Even studies, in

which many of the conclusions depend upon scratch-test adhesion results, fail to mention

the possible manner in which the coatings are thought to adhere. Work by Lin et al.

(2002), which was described at the end of Section 2.7.2, explained how poor adhesion

was found between biomimetically deposited apatite and heat and alkali treated stainless

steel substrates. The researchers suggested the need for an “inter-compound” of Na4CrO4

(produced during alkali treatment) in order to form a stable interface between the stainless

steel and the HAp because of differences in their atomic bonding structure.

2.7.5 Incorporation of biochemical factors into coatings

As mentioned previously (Sections 1.0.2 and 2.7.2), there is now interest in combining

CaP coatings with biologically active factors. A summary of a number of the studies

carried out to date will be given here.
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The antibiotic vancomycin was incorporated into eletrophoretically deposited HAp

coatings by soaking the coated Ti(6%)Al(4%)V samples in a SBF containing either 1 or

10 mg/ml of the drug (Radin et al., 1997). Some of the samples underwent a second stage

where they were coated with the lipid egg phosphatidylcholine (Section 2.8.1.1). All of

these samples were compared with vancomycin loaded polymethyl-methacrylate (PMMA)

cement in drug release and bacterial growth inhibition assays. The samples loaded with

the lower concentration of the antibiotic were found not to inhibit bacterial growth at

any time; the samples loaded in the 10 mg/ml solution exhibited an inhibitory effect after

1 h but not after 24 and 168 h. There was a ‘burst’ of drug release from these samples

in the first hour. The lipid-coated samples, however, showed a much more gradual drug

release, even up to 72 h after immersion in solution with a corresponding inhibition of

bacterial growth. The authors could find no evidence of vancomycin release from the

PMMA cement.

Campbell et al. (2000) exposed modified titanium alloy substrates to a supersaturated

CaP solution. The heterogeneously induced mineralisation process that occurred was

termed surface induced mineralisation (SIM). After this initial coating of CaP was applied,

the samples were coated for subsequent cycles by refreshing the coating solution. Some of

the samples underwent treatments with solutions that contained the antimicrobial agent

chlorhexidine which was said to precipitate as chlorhexidine phosphate upon reaction

with KH2PO4 and Na2HPO4. After coating had finished, some of these samples were

also coated with a lipid ‘overlayer’ consisting of phosphatidylcholine. Bacterial growth

inhibition and chlorhexidine release assays were then carried out. In the samples without

the lipid overlayer, 80% of the antimicrobial agent appeared to release within the first

two to three hours of sitting in aqueous solution. Release from the lipid coated samples

took in the region of 24 h. The lipid-coated samples also displayed the largest zone of
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bacterial growth inhibition around the samples. However, the growth inhibition tests were

not carried out at different time intervals as in the previous study described (Radin et al.,

1997).

Several studies have used a two step biomimetic procedure in order to incorporate

various factors into CaP coatings. This procedure involved precalcification followed by

immersion in a supersaturated CaP solution (containing the factor), this process was

termed co-precipitation. Three studies used the technique in order to incorporate the

protein bovine serum albumin (BSA) into coatings (Wen et al., 1999; Liu et al., 2001;

2003), they are summarised here:

� Wen et al. (1999)looked at simply incorporating one concentration (2 mg/ml) of BSA

into the coatings. When looked at using scanning electron microscopy (SEM), the

coatings containing the protein were seen to be denser than those which were protein

free. No BSA was found to release from these coatings into phosphate buffered saline

(PBS) solution at pH 7.4 over a 14 day period. However, BSA release into PBS at

pH 4.0 was rapid over the first two days in solution and then leveled off, possibly

due to pH changes instigated by coating dissolution.

� Liu et al. (2001) compared the co-precipitation of the BSA at various concentrations

between 10 ng/ml and 100 µg/ml with the deposition of the same range of protein

concentrations onto the surface of plates which had been precoated with CaP. At

the highest BSA concentration used, 16.7 µg/mg of protein had been incorporated

into those coatings formed by co-precipitation and 7.3 µg/mg of protein had been

deposited onto the surface of the other set of samples (precoated with CaP). In

release kinetics experiments, all of the protein that had associated with the precoated

samples dissociated into the surrounding solution within six hours. In the samples
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where BSA was co-precipitated with CaP, only 0.85% of the protein that had been

taken up into the coating was released into solution after the experiment had been

running for six days. This fact led the authors to conclude that the protein had

somehow become incorporated into the crystal lattice of the coating.

� The mechanical strength and rate of dissolution of coatings containing BSA was

looked at by Liu et al. (2003). The BSA was co-precipitated with CaP using the

same method as in the experiments described previously (Wen et al., 1999; Liu

et al., 2001). Dissolution tests in an acidic saline solution revealed that Ca2+ ions

were released more slowly from coatings that contained the protein and that this

rate of dissolution didn’t vary with the protein concentration. The mechanical tests

revealed that the critical load, where the scratch test used failed to generate a clean

cut, increased with the concentration of BSA incorporated. Scratch tests involving

HAp and BSA had previously been performed by Wong (1993).

A very similar biomimetic method was used in order to incorporate the antibiotic

tobramycin into a carbonated HAp coating (Stigter et al., 2002). This co-precipitation of

the antibiotic with the coating was compared with soaking plasma-spray-coated samples

in solutions containing the same compound. The concentration of antibiotic which was

incorporated into the coatings was much lower for those that had been soaked (≈ 0.3

µg/mg) as opposed to those formed by co-precipitation (≈ 3 µg/mg). The release of

tobramycin from co-precipitated samples was measured in solutions buffered at pH 5.0

and pH 7.3. Approximately 90% of the drug was released from the coating in a time of

180 min at pH 5.0 and 60 min at pH 7.3. This is much more rapid than the release rate

reported previously for BSA (Liu et al., 2001). The antibiotic was shown to inhibit the

growth of Staphylococcus aureus in a petri dish based bacterial growth inhibition test.
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More recently, the biomimetic technique has been used to incorporate recombinant

human bone morphogenetic protein 25 (rhBMP-2) into CaP coatings (Liu et al., 2004).

Testing of the coatings in a culture of rat bone marrow cells revealed that the activity of

the cells (as determined by measurement of the enzyme alkaline phosphatase) increased in

a manner related to the concentration of rhBMP-2 incorporated. The biological potency

of the protein in this situation was said to be higher than that of a drug freely suspended

in solution.

Electrochemically-assisted methods are now being tried in order to incorporate mole-

cules into the coatings. In a study by Cheng et al. (2004) ELD was used firstly used for

the purpose of forming a prelayer of CaP, which was then converted to HAp by heating

for 24 h at 185� in an aqueous solution. Calcium phosphate and BSA co-precipitation

was then carried out on these HAp samples in the presence of an electric field at 37�.

In release experiments (pH 7.4, 37�), only approximately 15% of the BSA incorporated

into this coating was released in a 70 h time period. For pre-prepared coatings which had

simply been soaked in BSA solution, 100% of the protein was released within two hours

under the same conditions.

Electrolytic deposition was used by Fan et al. (2005) to produce a CaP coating that

contained collagen fibrils on a silicon substrate. This was done by adding 0.1 to 0.5

mg/ml of soluble type I collagen to an electrochemical cell at 30�, 4.5 mmol/l Ca2+ ions

and 9 mmol/l PO3−
4 ions. The potential on the cathode was between 1 and 3 V. The

form of CaP that was deposited with the collagen was determined to be OCP (Section

2.2.4). During coating, an ‘opaque zone’ was observed adjacent to the cathode. This was

attributed to the self assembly of collagen fibrils in solution as a result of the pH increase

5One of the proteins said to be responsible for initiating events involved in bone formation in vivo.
These events include migration and differentiation of precursor cells into functional osteoblasts
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near the electrode. No dissolution experiments were carried out in order to assess any

collagen release but scratch tests revealed that the collagen/OCP composite coating was

stronger than a coating with OCP alone.
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2.8 Liposomes

In this section the structure of lipids and liposomes and methods of lipid vesicle man-

ufacture will be described. Diffusion processes will also be considered before looking at

methods currently used to study liposomes.

2.8.1 Structural aspects

Liposomes are structures formed out of amphipathic6 molecules (amphiphiles) such as

phospholipids or synthetic molecules (e.g. various surfactants). The initial stage in the

formation of a liposome is the self assembly of these molecules into a bilayer sheet in

aqueous environments. Liposomes can then form through the development of this bilayer

structure into a spherical entity, containing an entrapped aqueous compartment. The

amphipathic molecules looked at in this case will be the phospholipids.

2.8.1.1 Phospholipids

Phospholipids make up one of the three major groups of membrane lipids, the others being

the glycolipids and cholesterol. They are derived either from glycerol or another type of

alcohol called sphingosine. Like most other lipids, phospholipids are composed of:

� A polar head group.

� One or more hydrophobic tail regions.

� A backbone structure that connects the two.

Glycerophospholipids (phosphoglycerides), those which are derived from glycerol, are

composed of two fatty acid chains esterified to C-1 and C-2 of glycerol-3-phosphate. The

6Molecules that contain both a hydrophilic and hydrophobic moiety
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acyl chains of the fatty acids are typically 8 to 24 carbons in length. They can be saturated,

unsaturated, or even coupled, forming a macrocycle (Collier and Messersmith, 2001a).

This structure (the glycerophosphate termed phosphatidate) is then linked to a head

group compound, such as choline, serine or ethanolamine via an ester linkage. This leads

to the formation of phosphatidylcholine, phosphatidylserine or phosphatidylethanolamine

respectively. A diagram of the structure of phosphatidylcholine can be seen in Figure

2.16.

Figure 2.16: The structure of phosphatidylcholine (Campbell, 1996)
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2.8.1.2 Bimolecular sheets

One fascinating property of these phospholipid molecules is the way in which they can

self-organise into specific-macroscopic aggregates in the form of bilayer membranes (Fig-

ure 2.17). These bimolecular sheets form rapidly and spontaneously in an aqueous solvent.

Stryer (1995) states that the major driving force in this process is the hydrophobic inter-

actions of the molecules. The bilayers are then held together by reinforcing, non-covalent

interactions. The clustering of the lipid molecules in a conformation that minimises the

number of exposed hydrocarbon tails is also favourable in terms of the van der Waals

forces between these hydrocarbon groups.

Figure 2.17: A space filling model of a phosopholipid bilayer membrane (Stryer, 1995)

Stryer (1995) goes on to explain three of the consequences of the energetic factors

which govern bilayer formation. These are that:

(i). Lipid bilayers have a tendency to be extensive.
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(ii). Lipid bilayers tend to close on themselves so that there are no exposed hydrocarbon

chains at the edges. This results in the formation of a compartment.

(iii). Due to the fact that a hole in the bilayer is energetically unfavourable, lipid bilayers

are self-sealing.

Another aspect of the fact that the interactions between hydrophobic moieties are

weak, in comparison to covalent bonds, is that the bilayer membrane is generally very fluid

(above the phase transition temperature, Tc). The majority of the lipid molecules and

some membrane-bound proteins are able to move laterally in the plane of the membrane.

Phospholipids are able to to move along the plane of the membrane at speeds of up to

2 µm/s at 37� (Stryer, 1995). The rotation of lipids from one face of the bilayer to the

other is, however, very rare.

The fluidity of the membrane is dependent on composition as well as temperature.

For example, Tc will be higher when many of the hydrocarbon chains are saturated.

Close-packing is relatively simple in this case due to the straight nature of these chains.

This means that the membrane will also be more rigid at a given temperature above

Tc. Unsaturated chains, which contain a cis double bond will not be straight, interfering

with the packing arrangement required for solidification (lowering Tc) and making the

membrane more fluid.

Cholesterol is a key regulator of membrane fluidity in eukaryotes7. It prevents crys-

tallisation of the fatty acid chains by fitting between them (lowering Tc). The fact that

cholesterol can block the large motions of fatty acyl chains, means that the membranes

are less fluid as a result.

7Higher organisms with membrane bound organelles, e.g. protoctista, fungi, plants and animals as
opposed to prokaryotes such as bacteria
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Experiments and theoretical models by Corvera et al. (1992) looked at the effect of

cholesterol addition to membranes made up of dipentadecanoylphosphatidylcholine and

dipalmitoylphosphatidylcholine. These showed that from pure membranes up to those

which had a 10% percentage content of cholesterol, there was an increase in membrane

permeability to sodium ions. Above 20% cholesterol content, however, the membrane

permeability decreased with increasing content.

2.8.1.3 Lipid Vesicles

When energy is imparted upon a suspension of lipids in an an aqueous solution, spherical

structures can be formed when the lipid molecules regroup after being dispersed by said

energy. Examples of ways of delivering this energy to lipid suspensions include sonication

and homogenisation. These spherical objects are called lipid vesicles or liposomes. A

certain amount of the aqueous solution and any solutes dissolved within it are entrapped

within the central compartment of the liposome. Any lipid-soluble solutes can be trapped

within the bilayer itself.

Liposomes can range in size from tens of nanometres to tens of microns in diameter

(Collier and Messersmith, 2001b). As Lasic (1998) explains, after they are formed, lipo-

somes are generally not colloidally stable and will slowly clump together and fuse into

larger and more lamellar structures. The two main forms of liposome described in the

literature are multilamellar vesicles (MLVs) and unilamellar vesicles (ULVs). MLVs are

made up of several lipid bilayers in an ‘onion skin’ fashion. ULVs consist of a single bilayer

surrounding a fluid core (Figure 2.18).
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Figure 2.18: Diagram showing multilamellar (left) and unilamellar (right) liposomes (Ostro, 1987)

2.8.2 Manufacture of liposomes

According to New (1996), all methods of manufacturing liposomes can be said to consist

of four basic stages:

1. Drying down of lipids from organic solvents.

2. Dispersion of lipids in aqueous media.

3. Purification of liposomes.

4. Analysis of resulting product.

The lipids are generally dispersed in chloroform, methanol, or a mixture of both sub-

stances. Addition of other liposome constituents such as cholesterol happens at this

stage. The solvent can be evaporated off, either in a rotary evaporator at low pressure, or

in a stream of inert gas. Potential oxidative effects on the lipids must be minimised at all

times. Incorporation of anti-oxidants such as α-tocopherol can prolong the life of lipids

and the resultant liposomes as well as increasing bilayer rigidity in a similar manner to

cholesterol (Halks-Miller et al., 1985; Kulkarni et al., 1995).
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Kulkarni et al. (1995) describe how efficient hydration of the bilayer is achieved best

by forming a thin film with a large surface area. Ways of increasing surface area include

drying the lipids down onto round-bottomed or pear-shaped flasks and/or by the addition

of contact masses such as glass beads.

The most simple methodology for liposome manufacture is to add aqueous solution to

a round-bottomed flask in which a layer of lipids has been dried onto the sides. Gentle,

manual agitation will then cleave layers of lipid off the glass surface. The vesicles formed

through this method are generally multilamellar in morphology.

According to New (1996), many other methods of liposome manufacture exist and

the one chosen has to fit the morphology of the end product required and the facilities

available.

Mayhew et al. (1984) described the use of a microemulsifier for preparing large volumes

of liposomes in a continuous manner. Generally, hand-shaken liposomes are in the > 1 µm

size range. This can be reduced to less than 0.1 µm after ten minutes in a microemulsifier.

The fact that high concentrations of lipid (300 µmol/ml) can be processed, means that a

high entrapment efficiency can be achieved.

Gruner et al. (1985) carried out a study in which they produced a particular kind

of liposomes, which they termed stable plurilamellar vesicles (SPLVs). According to the

authors, the standard methods of MLV production result in the separation of water from

its dissolved solutes, leading to vesicles with solute-depleted aqueous compartments. In

turn, this leads to an osmotic gradient on the MLVs, reducing their stability.

The manufacture of SPLVs involved dissolving lipids that had been dried onto the

sides of a flask, in ethyl ether. A small quantity of aqueous-phase solution containing

the solutes to be entrapped was then added to the lipid/ether mixture. Sonication of the

solution under a flow of inert gas led to the evaporation of the ether, leaving a cake of
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liposomes which could then be suspended in buffered solution.

By entrapping a calcium sensitive dye within their liposomes and adding the vesicles

to a suspension containing Ca2+ ions, it was discovered that MLVs leaked within a few

days, whereas the SPLVs had not started to release their contents after 15 months.

Perrett et al. (1991) described the preparation of a ‘proliposome’ mixture made by

drying down lipid before dissolving it in ethanol and buffered aqueous solution. This

mixture was then heated to 60� for several minutes before being allowed to cool to room

temperature. This mixture could then be converted into a liposome mixture through the

addition of extra buffered solution when needed. This transformation from proliposome to

liposome was explained in terms of the three-phase system between phosphatidylcholine,

ethanol and water, where changes in the ratios of each would result in the formation of

solubilised lipid, precipitated stacks of lipid bilayers or a suspension of liposomes. The

liposomes formed were described as multilamellar in morphology with an average size of

≈ 0.5 µm in diameter.

2.8.3 Aspects of diffusion

The ability of liposome vesicles to entrap solutes has caused much interest in their potential

use as drug delivery devices. The use of these carriers allows control over any compromise

between the potential toxicity of many drugs and the natural processes of dilution and

degradation of any foreign substance which enters living tissue (Ostro, 1987; Barenholz,

2001; Ti Tien and Ottova, 2001). In the context of orthopaedic implants, these vesicles

could be used to deliver bone growth factors or drugs to prevent implant associated

infection. An understanding of the diffusion processes in vesicles is important in cases

such as these.
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In general, lipid bilayer membranes have very low permeability to ions and most polar

molecules. Water is the exception to this rule as it readily traverses these membranes.

Stryer (1995) describes how a small molecule may transverse the bilayer by first shedding

its solvation shell of water before becoming dissolved in the hydrocarbon core of the

membrane. After it has diffused through the core to the other side, it becomes resolvated

by water. Because of this, an ion such as Na2+ will traverse the membrane very slowly, as

removal of its coordination shell of water is energetically unfavourable. This description

is not supported by authors such as Wilson and Pohorille (1996). They explained how

the simplest theoretical treatment of this problem is based on a model in which water and

the bilayer can be represented as continuous dielectric media, with dielectric constants εw

and εb respectively. If the ion in question is then modelled as a point charge, located in

the centre of a cavity of radius a, then the free energy of transferring the ion from bulk

water to the centre of the bilayer (width d) is expressed as :

∆H(TS) =
q2

2a

[
1

εb

− 1

εw

]
− q2

εbd
ln

(
2εw

εw + εb

)
(2.27)

If values are substituted into equation 2.27 for Na2+, (effective ionic radius 1.68 Å) a

membrane permeability of 10−30 m/s results. This is about 15 orders of magnitude lower

than the value measured experimentally. The authors stated that these discrepancies

suggest that a model in which a naked ion is transferred across a sharp interface does not

give an adequate description of the process. Other models suggested include the theory

that the ions move through the membrane with their first hydration shell still intact,

or that they move through transient pores or structural defects. By using a molecular

modelling approach, the authors then discovered that defects in the membrane would

increase the permeability by approximately 14 orders of magnitude. Because this is a
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better reflection of the value measured experimentally, it was concluded that this was

possibly the mechanism that was occurring.

Males et al. (1998) detailed how many other factors need to be considered, such as

membrane asymmetry (including inner and outer surface area and volume), varying per-

meant molecule lipophobicity and permeation of weak acids and bases. They described a

set of equations for passive diffusion through the membranes of large unilamellar vesicles

(LUVs) in response to either a concentration or pH gradient. Their analysis uses a four

component model (figure 2.19) in which there are inner (i) and outer (o) aqueous com-

partments as well as internal (mi) and external membranous regions (mo). A scheme for

the passive diffusion of a weak acid and weak base can be seen in figure 2.20; where A

represents the acid and B its conjugate base. Ka is the dissociation constant of the acid in

aqueous solution. Equations can then be written describing the flow of ax and bx, where

Figure 2.19: Representation of a large unilamellar vesicle (LUV) showing the four regions occupied by
the the molecules. These are: The outer aqueous solution (o), the external membraneous region (mo),
the internal membranous region (mi) and the inner aqueous solution (i). The arrow labelled efflux depicts
an experiment in which the bulk of the permeant is trapped inside the vesicle at time t = 0. The arrow
labelled influx depicts an experiment with the bulk of the permeant outside the vesicles at t = 0 (Males
et al., 1998)
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Figure 2.20: Scheme for passive diffusion for weak acids and bases (Males et al., 1998)

a and b represent the numbers of molecules of A and B respectively and x is the specified

region. Due to the difficulty in detecting the difference between acid and conjugate base

under experimental conditions, equations can be written in the form of Nx = ax + bx

which can be used to describe the number of molecules of both A and B in region x.

If acid and base are both lipophobic, amo, bmo, ami and bmi are all approximately

constant with time. The flow of molecules inside and outside the vesicles becomes:

dNo

dt
= −dNi

dt
= −γss (No −N eq

o ) (2.28)

N eq
o is the number of molecules in the outside aqueous compartment at equilibrium. γss

is the apparent rate constant given by:

γss =
P1Ao

Vo

+
P2Ai

Vi

(2.29)

Ao and Ai are the outer and inner surface areas of the vesicle respectively. Vo and Vi are

the outer an inner volumes. P1 and P2 are the permeability coefficients, which are related

to the diffusion coefficient within the membrane, Dmem, and the width of the membrane,

δr, such that P = KDmem/δr (K is a constant). P1 is the permeability coefficient from the

inner to the outer membranous region (mi → mo) and P2 is the permeability coefficient
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from the outer to the inner membranous region (mo → mi). Accepted values of the

permeability coefficient for water through egg phosphatidylcholine liposomes are in the

range of P = 2× 10−4 cm/s (Kaiser and Hoffman, 1996).

2.8.3.1 Methods of study

A number of different techniques can be used to look at properties such as entrapment

efficiencies, diffusion profiles and stability of liposomes.

For example, differential scanning calorimetry is said to be useful for quality control of

liposome preparations (Biltonen and Lichtenberg, 1993). This technique can measure the

gel to lipid-phase transition temperature (Tm) which is dependent on factors such as the

lipid acyl chain length and saturation. Any impurities in the lipid membrane will affect

the packing of the molecules and thus lower Tm.

Gruner et al. (1985) used a wide variety of characterisation techniques in order to

compare SPLVs with MLVs. These techniques included gas chromatography (to deter-

mine any residual solvent contamination from manufacture), X-ray diffraction (to look at

the radial stacking of liposome membranes), Electron microscopy (to determine vesicle

size), electron spin resonance (to determine the rate of ascorbate penetration into the

membranes), nuclear magnetic resonance (to compare solute depletion), enzyme digestion

(to gain information about the solute distribution within the vesicles), and entrapment

of radio-labelled substances (to determine entrapment efficiency). The use of such a wide

range of techniques in one study is the exception rather than the rule, however.

Rather than using expensive radio-labelled substances, which often pose an inherent

safety risk, many studies use dyes as marker molecules to determine entrapment efficiency

and study diffusion processes (Allen and Cleland, 1980; Allen, 1984; Hernández-Caselles

et al., 1990; Perrett et al., 1991; Hara et al., 1999; Shi et al., 2001). Examples of such
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molecules include 5,6-carboxyfluorescein and a related compound named calcein, the use

of which will now be described.

Calcein The original use of calcein was as an indicator for calcium quantification owing

to the fact that, when used at pH 12, calcein is brown and its calcium complex is yellow-

green (Diel and Ellingboe, 1956). It was later discovered that the fluorescent properties of

this compound were related to the quantities of alkaline earth metals present in solution

and these properties could be used to quantify the presence of calcium at milligram levels

(Wallach et al., 1959). Later still, it was discovered that the self-quenching of the fluores-

cent properties of calcein at high concentration could be used to advantage in studies on

liposomes (Allen and Cleland, 1980). When encapsulated at high concentration in vesi-

cles, any fluorescence is quenched, but as the calcein leaks from the liposomes it becomes

diluted and therefore dequenched, a resultant increase in fluorescence can then be seen.

The structure of calcein at acid and neutral pH can be seen in figure 2.21.

According to Allen and Cleland (1980), the various advantages of using calcein include:

� A very large amplification in fluorescence upon release of the calcein from the lipo-

somes allows use of a small liposome sample size.

� The fluorescence signal can be monitored continuously with time, allowing very

rapid leakage processes to be measured.

� Fluorescence of calcein is virtually independent of pH over the range of pH 6.0-8.5.

As a result of these factors, calcein has become a model substance for studying en-

trapment and leakage of chemicals in liposome studies (Hara et al., 1999; Memoli et al.,

1999; Ishii and Nagasaka, 2001).
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Figure 2.21: Structure of calcein at acidic and neutral pH conditions (Allen, 1984)

2.9 Calcium Phosphate-Liposome Composites

Aspects of both calcium phosphate chemistry and liposome structure have now been

looked at separately. This section aims to review the literature on composite structures

made up of CaP phases and lipid vesicles.

Much knowledge of the ability of phospholipids to interact with CaP phases has been

gained from the fact that Ca-phospholipid-PO4 complexes can be found in living organ-

isms, especially in regions of bone development (Cotmore et al., 1971; Boskey and Posner,

1977).

Cotmore et al. (1971) studied the effect which phosphate and magnesium ions had on

a system containing calcium and phospholipids. Liposomes were used, these consisted of

the acidic phospholipid phosphatidylserine (PS). Magnesium ions were found to weakly

inhibit the interaction between Ca2+ and PS. The addition of PO3−
4 ions was found to
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increase the rate of Ca2+ ion migration from solution to a solid phase on the vesicles. It

was calculated that at physiological pH, one calcium ion complexes with two PS molecules.

Boskey and Posner (1977) looked at the effects which the addition of liposomes (made

up from various acid phospholipids) and also Ca-phospholipid-PO4 complexes had on

metastable calcium phosphate solutions. The Ca-phospholipid-PO4 complexes had been

extracted from animal tissues. When added to metastable solutions, these complexes ini-

tiated the removal of Ca2+ and PO3−
4 ions from solution. The calcium to phosphate ratio

of this ion removal was 1.7:1, this indicated that a CaP phase with a similar Ca/P ratio to

that of hydroxyapatite was being formed. When phosphatidylserine or phosphatidylinos-

itol liposomes were added, Ca2+ ions were initially removed from solution. After a time

lag, the PO3−
4 ion concentration began to fall also. The Ca/P ratio of ions removed from

solution was the same as exhibited upon addition of the complexes.

Eanes et al. (1984) studied CaP formation in a suspension of MLVs. These vesicles

contained an aqueous phosphate solution. Through the addition of an ion channel, which

allowed the permeation of calcium ions, CaP phase formation was studied upon addition

of Ca2+ ions to the solution surrounding the liposomes. Ca2+ ions were taken up rapidly

into the liposomes and a solid phase formed inside and eventually on the surface of the

liposomes. The growth of a large amount of CaP in the vesicles was found to interfere

with the integrity of the membrane. A subsequent study using electron microscopy ex-

amined the products formed during this experiment (Heywood and Eanes, 1987). This

revealed that apatite clusters were formed in the lumen of the vesicle, close to inner lipid

membranes. The formation of CaP is not limited to the internal compartments of these

structures; after an extended period of precipitation, the bulk of the deposits are to be

found on the outside of the vesicles. The initial formation of CaP on the inside of the

liposomes is thought to lead to the nucleation of apatite on the outside of the membranes,
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possibly by nucleating crystals passing through the bilayer (Eanes and Hailer, 1985).

In the context of studying the processes which may lead to the formation of calcified ar-

terial plaques in heart disease, Hirsch et al. (1992) looked at the interactions between HAp

crystals and liposomes. Addition of HAp seed crystals to phosphatidylcholine liposome

suspensions led to an increased rate of aggregation of the vesicles when compared to sus-

pensions without addition of these crystals. It was concluded that the interaction between

HAp and the liposomes was stronger than inter-liposomal interactions. The shape of the

aggregates was also modified by HAp, with the liposomes becoming irregularly-shaped

with angular contours rather than the series of smooth spheres seen in the absence of the

seed crystals.

Pongsaanutin (2002) studied many factors concerned with CaP-liposome complexes.

The specific effect of CaP on the membranes of phosphatidylcholine liposomes was looked

at. The adsorption of Ca2+ ions onto the membrane was thought to cause repulsive

interactions between the lipid molecules, causing various shape changes in the vesicles. In

many cases, along with HAp penetration of the bilayer, these factors led to the breakdown

of the liposome structure. Addition of cholesterol to the vesicles was found to stabilise the

membranes to some degree, reducing the disruption caused by CaP. Negatively charged

phospholipids such as PS were shown to promote the formation of ACP as opposed to

HAp, when compared to neutral lipids.

Pongsaanutin (2002) also looked at the possibility of using CaP-liposome composites

in a system for the low temperature electrodeposition of HAp onto metal substrates. The

addition of the composite was found to reduce the crystallinity of the coating. The initial

formation of dot-like structures on the membrane was thought to perhaps be due to the

attachment of complexes. The coating later built up into a more uniform layer. Tubular

micelles were seen in coatings with the cholesterol-stabilised complexes added.
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Schmidt and Ostafin (2002) used liposomes as a template on which to grow calcium

phosphate ‘nanoshells.’ This was done by firstly adding just enough Ca2+ ions to form a

monolayer on the outside of the liposomes. Then enough phosphate was added to form a

monolayer over this, allowing CaP precipitation to occur on the surface of the liposomes.

This procedure of alternately adding Ca2+ and then PO3−
4 ions was repeated many times,

building up a thick shell of CaP. Electron microscopy studies revealed a CaP shell of

between 2 nm to more than 10 nm in thickness was formed.

This technique of growing the nanoshells has since been refined (Schmidt et al., 2004).

This was done through the addition of the liposomes to a supersaturated CaP solution.

The authors hypothesised that this growth occurred through initial electrostatic inter-

actions between the negatively charged lipids, that were used, and the ions in solution.

This was said to lead to localisation of the ions, forming an electric double layer in which

the high level of saturation of chemical species allowed crystallisation to occur. After a

certain period of growth of CaP on the periphery of the liposomes, the reaction could be

halted through addition of the molecule carboxyethylphosphoric acid (CEPA). This was

said to act as a capping molecule, preventing any further growth of the CaP layer.
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2.10 Summary

� Calcium phosphates are one of the many types of ceramic biomaterials used in

clinical medicine today. Many CaP materials are available for use in a variety of

situations.

� CaP coatings allow the combination of the load-bearing strength of a metallic sub-

strate with the potential bioactive benefits of a ceramic surface, which is similar in

composition to bone mineral.

� Clinical studies on CaP-coated implants have been positive in many cases, however

there is still room for improvement.

� The calcium phosphate phases in existence are diverse in structure as well as having

the ability to transform into other phases.

� The precipitation of the CaP phases from solution is driven by a thermodynamic

force called supersaturation.

� A number of CaP crystal growth mechanisms have been proposed.

� Many methods of manufacturing CaP coatings exist. The most commonly used

method, plasma spraying has a number of drawbacks which can possibly be overcome

by some of the newer techniques.

� The electrodeposition of CaP phases can be divided into electrolytic (electrochemi-

cal) and electrophoretic mechanisms.

� Various low-temperature coating methodologies have been used to incorporate mole-

cules of biological interest, such as antibiotics, into CaP coatings.
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� Liposomes are structures capable of forming in aqueous solutions due to the amphi-

pathic nature of their constituent lipid molecules.

� There are many techniques available for manufacturing and then refining the pop-

ulation characteristics of liposomes.

� The combination of liposomes with CaP phases has been studied. The interaction of

the phases and any resultant effect on the membrane of the liposome is of interest.
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Experimental Procedures

In this chapter the methods which were used to study a low temperature electrodeposition

process will be outlined. As well as a description of how the process itself was performed,

the manufacture and study of liposome vesicles and CaP-coated liposomes will be delin-

eated, accompanied by the manufacture of coatings which contain these CaP-liposome

composites.

Unless stated otherwise, all chemicals were supplied by Sigma-Aldrich Ltd., Poole.

Distilled water was used in all experiments unless stated otherwise.

3.1 General Methods

3.1.1 Measurement and calculation of CaP phase supersatura-

tion

During the coating process, knowledge of the calcium phosphate solution chemistry (de-

scribed in Section 2.2) combined with use of sensitive monitoring equipment (pH, Ca2+
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and temperature electrodes (Radiometer Ltd., Copenhagen)) allowed real-time assessment

of the supersaturation of a number of the CaP phases. Figure 3.1 shows a diagram of this

monitoring equipment.

pCa pH	 Temperature

Ion Meter pH Meter

Ca   electrode
Coating solution

Reference electrode Magnetic stirring bar
pH electrode

Temperature electrode
2+

Figure 3.1: Diagram of solution monitoring apparatus (not to scale)

pH, pCa and temperature readouts from the meters (Radiometer Ltd., Copenhagen)

were entered into a spreadsheet written to calculate supersaturation values with respect to

the most relevant CaP phases (HAp, OCP, DCPD). For more information on the practical

details of supersaturation calculation see Appendix A.

3.1.2 Manufacture of stock coating solutions

Separate Ca2+ and PO3−
4 aqueous stock solutions were made. These were diluted to the

required solution molarity when needed. Both of the stock solutions and the diluting solu-

tion were made up to contain 0.1 mol/l KCL and 10 mmol/l HEPES ((N-) [2-hydroxyethyl]

piperazine-N’-[2-ethane-sulphonic acid]) as a buffer. In addition to this, the Ca2+ stock
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solution contained 50 mmol/l Ca2+ ions by way of addition of 7.35 g/l of calcium chlo-

ride dihydrate (CaCl2 · 2H2O). The PO3−
4 stock solution contained 30 mmol/l PO3−

4 ions

by way of addition of 4.08 g/l of potassium dihydrogen orthophosphate (KH2PO4). All

solutions were titrated with 0.75 mol/l KOH to pH 7.4 at 37�.

3.2 Electrodeposition coating procedure

A sample holder was made which separated a platinum anode from the cathodic sample by

a distance of 2.25 cm. This had been previously determined to be the optimum separation

distance (Peaker, 1995). For general experiments, the sample consisted of a piece of 1.25

mm thick 304 sheet stainless steel which had the same dimensions as the anode.

Coating solutions containing the required molar concentrations of Ca2+ and PO3−
4

ions were made up by mixing the stock solutions manufactured in section 3.1.2 with the

required amounts of diluting solution (0.1 mol/l KCL, 10 mmol/l HEPES, pH 7.4 at 37�).

Before each coating cycle, the diluted Ca2+ and PO3−
4 solutions were warmed to 37�

in a water bath before being mixed together. A nitrogen gas bubbler was then placed in

the solution in order to displace any dissolved CO2. The electrodes for monitoring solution

supersaturation (section 3.1.1) were also placed in the coating vessel. If liposomes were

to be included in the coating, they were added to the solution at this point and left for

five minutes before carrying out the next stage of the procedure.

After the sample holder was placed on the coating vessel, the Pt anode and the sample

were connected to a Philips PM2831 programmable power supply (Philips, Netherlands).

Coating commenced when the power supply was turned on with a constant voltage of 2.5

V. A diagram of the coating apparatus can be seen in figure 3.2.

Coating was stopped when the calculated supersaturation of HAp was seen to drop
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N    gas2

Magnetic stirrer

Nitrogen bubbler tube

PMMA insulating sample guides
Platinum Electrode (Anode)

Coating solution

Polymer spacer

Sample (Cathode)

-
+

2.5 V

Figure 3.2: Diagram of the equipment set-up during coating

sharply. This was usually after around 20 minutes.

If further coating was to take place, fresh coating solution was added before repeating

the procedure above.

After coating was completed, the samples were rinsed with distilled water before being

dried.
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3.3 Summary of samples prepared

During the course of this study a number of coated samples were prepared on different

substrates. The following table (Table 7) aims to clarify which substrates were used in

each instance. In all cases, the substrate was sonicated (using a bath sonicator, Kerry

Ultrasonics Ltd) in acetone for 10 min and then rinsed with distilled water before coating.

Table 7: Summary explanation of coated samples used in this study and where the method and
results are described.

Substrate Surface Coated No. of Described
material treatment area (cm2) samples in section

Thick (≈ 20 micron) Orthopaedic Shot- 3.6 and
coating TiAl(6%)V(4%) blasted 6.25 1 4.1.2

XRD reference ASTM 304 Shot- 3.4.1 and
coating Stainless steel blasted 3.14 1 4.1.1.3

Maturation coatings ASTM 304 3.7, 4.1.1.3
- air dried Stainless steel None 6.25 20 and 4.1.3

Maturation coatings ASTM 304 3.7, 4.1.1.3
- critical point dried Stainless steel None 6.25 20 and 4.1.3

Composite coatings Orthopaedic 3.10
TiAl(6%)V(4%) Polished 0.79 20 and 4.3
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3.4 Characterisation techniques

3.4.1 X-ray diffraction

Samples of coating attached to substrate were placed in a θ − 2θ X-ray diffractometer

(Phillips PW1729 generator and Phillips PW1820 detector). Scans were performed be-

tween 2θ of 2° and 70° with a step size of 0.01◦ 2θ with a measurement time of 1.25 seconds

per step. The wavelength of the Cu Kα radiation was 0.154 nm at 35 kV. The position of

peaks were compared with those for CaP phases listed in the JCPDS files (International

Centre for Diffraction Data). An estimate of crystallite size could be made using the

Scherrer formula (equation 3.1).

t =
kλ

B cos θB

(3.1)

Where t = thickness of the crystal (nm)

λ = X-ray wavelength

θB = Bragg angle

B = line broadening (given by the Warren formula (equation 3.2))

k = constant which depends on the shape of the particle

B2 = B2
M −B2

S (3.2)

Where BM is measured peak width from the sample of interest at half peak height (in

radians)

BS is the corresponding peak width from a standard material
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As well as comparing the XRD scans to a standard reference material from the liter-

ature, a sample was made by ten repeated electrodeposition cycles onto a stainless steel

substrate. An XRD scan was performed on this sample. The coating on the sample was

thicker than the coatings produced in other experiments and therefore a good signal was

produced from the coating itself without artifacts from the substrate. This was then be

used in conjunction with the reference from the literature in analysis of the XRD results.

3.4.2 Transmission electron microscopy (TEM)

Coatings were grown directly onto holey carbon TEM grids (Agar Scientific, Essex), which

had been attached to the cathodic substrate during the coating process. Silver conducting

paint (Electrolube, Derbyshire) was used to facilitate a good electrical contact during this

procedure. A picture of this attachment can be seen in figure 3.3.

Figure 3.3: Photograph of carbon-coated copper TEM grids attached to stainless steel substrate.

The grids were then carbon coated in an Edwards coating apparatus. Transmission

electron microscopy was carried out in a Jeol 200CX microscope at an accelerating voltage

of 120 kV. Images were recorded to film (Kodak Electron Image Film, Kodak, New York,

USA) along with a record of the magnification achieved.
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3.4.3 Electron diffraction

Samples were prepared as in the transmission electron microscopy section (section 3.4.2).

Diffraction patterns were obtained on the Jeol 200CX TEM operating at 120 kV. Patterns

were recorded to film (Kodak Electron Image Film, Kodak, New York, USA)) along with

a record of the camera length. This information could then be used to calculate crystal

lattice dimensions.

3.4.4 Scanning electron microscopy

Samples of CaP coating on 304 stainless steel substrate were cut down to a size smaller

than 1.5 cm2 using a guillotine (to allow them to fit in the microscope chamber). These

samples were then carbon coated using an Edwards evaporator. The samples were then

viewed in a Low Voltage Field Emission Gun Scanning Electron Microscope (Jeol 840F

LV-FEG-SEM) at accelerating voltages or between 1.5 and 3 kV. Micrographs were

recorded to film (Ilford 120) along with the magnification achieved.

3.4.5 Measurement of mechanical strength (Lap Shear)

The extent of the mechanical bonding between the coating and the substrate was tested

by way of a lap-shear method. The coated 304 stainless steel samples were attached to

uncoated, but otherwise identical steel blanks in a lap joint using epoxy resin (Araldite,

Bostick Findlay, Staffordshire). The resin was allowed to cure in a vice for 12 hours at

25�. The areas of overlap between the samples and the blanks were then measured and

recorded.

These samples were then pulled apart in a Hounsfield tensile testing rig (at a rate of

10 mm/min). The maximum load before fracture was recorded. The test was repeated in
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order to minimise errors. A diagram showing the procedure can be seen in figure 3.4.

The lap-shear strength can then be calculated by using equation 3.3.

τint =
Fmax

Ac

(3.3)

Where τint is the interfacial shear strength

Fmax is the force at breaking point (N)

and Ac is the area of contact between the two members of the lap joint (m 2).
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Blank
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Clamping Diagram

Load Load

Sample Steel shim

Steel shim
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Figure 3.4: Figure showing the lap-shear testing procedure used
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3.5 The use of different drying methods

The two different methods used to dry the samples are outlined here.

3.5.1 Air drying

Air drying was the standard method used after completing the coating stage. This involved

placing the samples in a desiccator containing anhydrous CaCl2 for 24 hours.

3.5.2 Critical point drying (CPD)

Samples were dehydrated by passing them through a series of ethanol/water mixtures

of 30%, 50%, 70%, 90% and 100% ethanol, starting with the lowest ethanol percentage.

Samples were left for five minutes in each solution.

Samples were then then transferred to a Polaron critical point dryer along with 20

ml of fresh ethanol. The chamber was sealed and CO2 was then added until liquid CO2

could be seen to have reached a level which adequately covered the samples when observed

through the viewing window in the side of the vessel. Every 30 minutes, the ethanol was

vented from the bottom of the chamber and the liquid CO2 was topped-up to its original

level in the chamber. This was continued for at least three hours or until ethanol was

no longer found during venting. Water which had been heated to 40� was then pumped

through the jacket of the CPD chamber. This had the effect of causing the liquid CO2 to

pass through its critical point and transform into a gas. This gas was slowly vented over

a period of 5 minutes to prevent condensation forming in the chamber. The dry sample

could then be removed from the CPD apparatus. A picture of the drying apparatus can

be seen in figure 3.5.
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Figure 3.5: Photograph of the Polaron CPD apparatus

3.6 Manufacture of thick (> 10 µm) coatings

The same electrodeposition method described in section 3.2 was used to try and make

thicker coatings. Coating thickness could be measured by either a micrometer gauge,

optical microscopy or impedance (if on a ferrous substrate). The orthopaedic grade, shot-

blasted TiAl(6%)V(4%) substrate used for this sample was provided by AEA Technology

Plc. Harwell, Oxfordshire, who later used this sample in their own mechanical tests.

3.6.1 Scale-up of coating process

To increase the thickness of coating produced during each coating cycle (the period during

which coating could take place before having to replenish the coating solutions), the

reservoir of available Ca2+ and PO3−
4 ions was enlarged by:

1. Increasing the volume of coating solutions used from 125 ml of each solution to 250
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ml of each and coating in larger vessels.

2. Increasing the concentration of the coating solution from a concentration of 3 mmol/l

Ca2+ and 1.8 mmol/l PO3−
4 ions to 6.25 mmol/l Ca2+ and 3.75 mmol/l PO3−

4 ions.

As well as these measures to increase the size of the ion reservoir, many coating cycles were

used on the same sample (> 20 cycles) in order to try and build up a more substantial

CaP layer.

3.7 Effect of coating maturation time

To assess the effects of leaving the samples standing in coating solution after the first

coating cycle had taken place, two sets of samples were made using 304 stainless steel

subsrates.

Set 1. Coated for one coating cycle. Samples were left to stand in coating solution for 0,

1, 3, 5 and 13 hours. Four samples were made for each time period and no further

coating cycles were performed.

Set 2. Coated for 5 coating cycles. The time for which samples were left standing in

solution after the first cycle was varied (0, 1, 3, 5 and 13 hours). Four samples were

made for each time period.

Three of the four samples made for each time period were studied using lap-shear me-

chanical testing (Section 3.4.5) the other sample was characterised using X-ray diffraction

(Section 3.4.1) and LV-SEM (Section 3.4.4).

A set of TEM grids were also coated for one cycle and allowed to stand in solution

for the same time periods, before TEM (Section 3.4.2) and electron diffraction (Section

3.4.3) were used to analyse the samples.
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Table 8: Explanation of maturation time experiment samples.

Total No. of Maturation time No. of coating No. of samples
coating cycles after cycle 1 cycles after made for each

(hours) maturation time time period
Set 1.

One-coat samples 1 0, 1, 3, 5, 13 0 4

Set 2.
Five-coat samples 5 0, 1, 3, 5, 13 4 4

Initial sets of samples were air-dried (Section 3.5.1). A subsequent set of four samples

for each time period were made and dried using critical point drying (Section 3.5.2) for

comparison.

3.8 Liposomes

3.8.1 Manufacture of multilamellar vesicles (MLVs)

This method is based upon that described by New (1996).

Approximately 0.1 grams of Lα-phosphatidylcholine was dissolved in a 2:1 mixture of

chloroform and methanol. If cholesterol was required it was also added at this stage.

The liposome solution was then dried onto the sides of a 100 ml round-bottomed flask

by swirling under a stream of nitrogen or argon gas. This was then left for a further two

hours to allow more of the solvent to evaporate.

10 ml of aqueous solution containing the solvents to be entrapped were then added

to the flask. This solution was then swirled around vigorously before being placed into a

bath sonicator (Kerry Ultrasonics Ltd). Sonication continued until the solution became

clear which took approximately 15 minutes. This liposome suspension was then left to

stand for at least one hour before use.
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3.8.2 Manufacture of stable plurilamellar vesicles (SPLVs)

Stable plurilamellar vesicles were made based on the method first described by Gruner

et al. (1985).

0.1 g of Lα-phosphatidylcholine dissolved in chloroform was measured out or 0.1 g of

solid EPC was weighed out and dissolved in chloroform. Cholesterol and/or α-tocopherol

were also added at this point.

The solution was then dried onto the sides of a 100 ml round bottomed flask by swirling

under a stream of nitrogen or argon gas. This was then allowed to dry under vacuum in

a bell jar overnight.

5 ml of diethyl-ether was then added to the flask and swirled to dissolve all of the

lipid. 300 µl of the aqueous solution to be entrapped was then added to the lipid in ether

solution. This was then sonicated in an ultrasonic bath sonicator (Kerry Ultrasonics Ltd)

whilst under a stream of nitrogen or argon gas to evaporate the ether. This was continued

for four minutes or until the scent of ether could no longer be detected.

The pellet of liposomes was then suspended in 9.7 ml of standard 0.1 mol/l KCL

and 10 mmol/l HEPES buffer solution (Section 3.1.2). The suspension of liposomes was

then washed by centrifuging the suspension at 1,800 ×g for five minutes in a microcen-

trifuge (Denver Instrument, Göttingen), removing and discarding the supernatant and

then resuspending the pellets in fresh buffer. Washing was repeated three times. The

final solution was then made up to 10 ml with fresh buffer solution.

3.8.3 Optical microscopy of liposome suspensions

Liposome suspension was diluted three-fold with standard 0.1 mol/l KCL and 10 mmol/l

HEPES buffer solution (Section 3.1.2) before a drop of this solution was placed onto a
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glass slide and a coverslip carefully placed on the solution droplet. The sample was viewed

with a Leitz Laborlux S optical microscope (Leitz Wetzlar, Germany) to which a CCD

camera had been fitted (Watec, Japan). Images were captured using imaging software

(TCPro, Coreco Software,USA).

3.8.4 Coating liposomes with calcium phosphate phases

Liposome suspensions were first mixed together with PO3−
4 solution which had been made

up to the desired concentration as described in section 3.1.2 and heated to 37�. After 5

minutes of incubation with stirring, Ca2+ solution of the relevant concentration and also

at 37�, was added. The suspensions and solutions were then left to incubate in a water

bath for five more minutes.

3.9 Diffusion studies

3.9.1 Utilising calcein for liposome studies

The fluorescent marker molecule calcein (described in section 2.8.3.1) was incorporated

into liposomes as follows:

Firstly a calcein and buffer solution was made up to contain 70 mmol/l calcein, 10

mmol/l HEPES buffer and 65 mmol/l KCl (added in order to keep the osmolarity close

to that of the standard HEPES buffer i.e 210 mosmol/l). This was done by adding 0.012

g of HEPES and 0.024g of KCL to 2 ml of water before adding 0.218 g of calcein and

raising the pH with 0.7 mol/l KOH solution until all of the calcein dissolved. The pH was

then adjusted to 7.4 at 37� with concentrated HCl (32% solution) before the solution

was made up to a final volume of 5 ml with water.
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3.9.1.1 Measurement of calibration curve

A starting solution containing 100 mmol/l calcein was made using the same technique

as described in section 3.9.1. This was then serially diluted with HEPES buffer solu-

tion (section 3.1.2) to produce solutions of various concentrations down to 30 nmol/l.

The fluorescence of each solution was measured separately in a Hitachi 3010 fluorescence

spectrophotometer (Hitachi, Japan) with an excitation wavelength of 490 nm. Emission

spectra between 500 nm and 550 nm were recorded for each concentration. The relative

intensity of the emission peaks could then be plotted against calcein concentration.

3.9.1.2 Interaction of calcein with CaP

A calcein calibration curve was made in exactly the same way as in section 3.9.1.1, but

this time each standard was made up to contain 2 mmol/l Ca2+ ions and 1.2 mmol/l PO3−
4

ions as well as the relevant calcein concentration.

3.9.1.3 Measurement of entrapment efficiency

In order to determine the percentage efficiency of calcein entrapment (% EE), a method

based on that of Ishii and Nagasaka (2001) was used. First 1.5 ml of liposome suspension

was placed into a cuvette. A measurement of calcein concentration was then performed

in a Hitachi 3010 fluorescence spectrophotometer with an excitation wavelength of 490

nm. The emission maximum between 500 and 550 nm could then be used in conjunction

with the calibration curve constructed in section 3.9.1.1 in order to find the calcein con-

centration. A second reading was then taken after disrupting the liposomes with 2 ml of

ethanol for every ml of suspension and measuring the fluorescence intensity again. The
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% EE could be calculated using equation 3.4.

%EE =
(CF − C ′)

CF

× 100 (3.4)

Where CF is the calcein concentration after disrupting the liposomes and C ′ is the calcein

concentration before disruption.

3.9.1.4 Measurement of calcein release from coated/uncoated liposomes

2 ml of liposome suspension were put into each of four different vessels and heated to

37� in a water bath. Standard 0.1 mol/l KCL and 10 mmol/l HEPES buffer solution

(Section 3.1.2) as well as solutions made up to contain initial concentrations of 8 mmol/l

Ca2+ ions and 4.8 mmol/l PO3−
4 ions in 0.1 mol/l KCL and 10 mmol/l HEPES buffer

solution (Section 3.1.2) were heated at the same time. Liposome samples in two of the

vessels were coated with CaP by using the method described in section 3.8.4 with 1 ml

of each ion solution. 2 ml of the standard HEPES buffer solution was added to the other

two vessels which were incubated for the same time as the coated samples.

Initial fluorescence readings were taken of all the samples by transferring 1.5 ml of

each sample to a cuvette and recording the maximum emission peak height between 500

and 550 nm with an excitation wavelength of 490 nm in a Hitachi 3010 fluorescence

spectrophotometer. Samples were then kept in their cuvettes and placed in a distilled

water bath at 37�. Subsequent fluorescence readings were taken at regular intervals.

Final readings of fluorescence were taken after disrupting the liposomes with 2 ml of

ethanol for every ml of liposome suspension.

Concentrations of calcein were then found using the calibration curve constructed
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in section 3.9.1.2. The percentage release of calcein with time was calculated by using

equation 3.5 which is a modification of that used by Hara et al. (1999).

Percentage release =
(C ′ − C0)

(Ct − C0)
× 100 (3.5)

Where C ′ is the calcein concentration calculated at that time point, C0 is the initial calcein

concentration and Ct is the final calcein concentration.

3.9.2 Entrapping the antibiotic gentamicin

Experiments were carried out in order to assess the viability of entrapping the antibiotic

gentamicin. These procedures were similar to those described for calcein (section 3.9.1).

3.9.2.1 Discovery of fluorescence peak

In order to be able to quantify the concentration of gentamicin in solution, an assessment

of any possible fluorescent activity was carried out.

A solution was made by weighing out 0.0215 g of gentamicin (651 µg of gentamycin

base per mg) and dissolving in 5 ml of distilled water. 1.5 ml of this solution was then

transferred to a cuvette and placed in a Hitachi 3010 fluorescence spectrophotometer.

Scans were carried out of both the emission and the excitation spectra of the solution.

The optimum excitation wavelength was found to be 330 nm which gave emission peaks

at between 400 and 420 nm. This information was then used in subsequent experiments.
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3.9.2.2 Measurement of calibration curves

A stock solution of 50 mg/ml of gentamicin was made up in distilled water and serial dilu-

tions were made down to a concentration of 500 ng/ml gentamicin. These solutions were

placed in fresh cuvettes and analysed in a Hitachi 3010 fluorescence spectrophotometer.

The heights and positions of the emission peaks found between 400 nm and 420 nm were

recorded with an excitation wavelength of 330 nm.

Buffered solutions of gentamicin were also made up and tested in the spectrophotome-

ter. These contained 0.1 mol/l KCL and 10 mmol/l HEPES buffer. The solution was

titrated with KOH to a pH of 7.4 at 37�.

It was also discovered that in order to counteract the effect of low fluorescence emission

intensity at low concentrations of antibiotic in solution, most consistent results could be

gained by using the spectrophotometer in ‘High PM Gain’ mode. This increased the

voltage across the photomultiplier and allowed lower emission intensities to be measured.

The gentamicin solution fluorescent emission peak heights could then be plotted against

concentration in order to form a calibration curve.

3.9.2.3 Incorporation of gentamicin into liposomes

A buffered solution of 10 mmol/l HEPES, 0.1 mol/l KCL and 50 mg/l of gentamicin was

made up and titrated to pH of 7.4 at 37� with 0.1 mol/l KOH.

This solution was used during the manufacture of SPLV liposomes as described in

section 3.8.2.
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3.9.2.4 Measurement of entrapment efficiency

In order to determine the percentage efficiency of gentamicin entrapment (% EE), a

method based on that of Ishii and Nagasaka (2001) was again used as in section 3.9.1.3.

First 1.5 ml of liposome suspension was spun down in a microcentrifuge at 1, 800× g for

five minutes. The supernatant was then placed into a cuvette. A measurement of gen-

tamicin concentration was then performed in the fluorescence spectrophotometer with an

excitation wavelength of 330 nm. The emission maximum between 400 and 420 nm could

then be used in conjunction with the calibration curve constructed in section 3.9.2.2. A

second reading was then taken after disrupting the liposomes with 2 ml of ethanol for

every ml of suspension and measuring the fluorescence intensity again. The % EE could

be calculated using equation 3.6.

%EE =
(CF − C ′)

CF

× 100 (3.6)

Where CF is the gentamicin concentration after disrupting the liposomes and C ′ is the

gentamicin concentration before disruption.

3.9.2.5 Measurement of gentamicin release from liposomes

Unlike calcein, gentamicin fluorescence does not quench at high concentration. Therefore

the method described for monitoring calcein release from liposomes (section 3.9.1.4) was

modified in order to include a centrifugation stage before each reading was taken (apart

from the final, disrupted reading). Samples were centrifuged for five minutes at 1, 800× g

before a reading of the fluorescence emission (400-420 nm) of the supernatant was taken

with an excitation wavelength of 330 nm. The concentration of gentamicin could then
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be calculated from the calibration curve constructed in section 3.9.2.2. The pellet of

liposomes was resuspended in the supernatant before leaving the samples to incubate again

until the next reading was taken. The experiment was only carried out with uncoated

liposomes.

3.10 Manufacture of liposome-CaP composite coat-

ings

3.10.1 General procedure

Liposomes were made as described in section 3.8. These were then incorporated to the

electrodeposition procedure described in section 3.2. Liposomes were coated with CaP

phases immediately prior to the coating cycle. This was done by adding the required

quantity of liposome suspension to the buffered PO3−
4 ion solution and incubating with

stirring for 5 minutes. Then the buffered Ca2+ ion solution was added and the suspension

was incubated for five more minutes. Coating then proceeded as normal, with a constant

voltage of 2.5 V. The solution supersaturation was monitored (Section 3.1.1) in order

to determine when to replace it and the procedure was repeated for each coating cycle.

The initial coating cycle was carried out without liposomes and the sample then allowed

to mature in solution for one hour prior to coating again. This was done on the basis of

results from the experiments on maturation time, described earlier in this chapter (Section

3.7). Subsequent alternate coating cycles had liposomes added.
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3.10.2 Calcein containing liposome-CaP composite coatings

3.10.2.1 Maximising entrapment

In this specific case, SPLVs were manufactured with entrapment efficiency maximised as

a result of the calcein studies (Section 3.9.1). All glassware used was washed in Decon

detergent (Decon, East Sussex) before overnight soaking in a base bath made up of sat-

urated NaOH in isopropyl alcohol. After rinsing in pure water (BDH AnalaR, UK), the

glassware was then washed in concentrated nitric acid followed by further rinses in pure

water. Solutions made from AnalaR water were then degassed in an attempt to reduce

any oxidation from dissolved O2.

For each batch of liposomes, 0.079 g of high purity (99 %) Lα-phosphatidylcholine was

used along with 30 mol% cholesterol (0.018 g) and 4 mol% α-tocopherol (0.003 g).

3.10.2.2 Use of the disaccharide trehalose

The non-reducing sugar trehalose has been shown to protect biological membranes and

liposomal membranes during dehydration including during the use of freeze-drying (Mad-

den et al., 1985; Crowe et al., 1986; Crowe and Crowe, 1988; Crowe et al., 1988; 1998;

Hincha et al., 2002). In making calcein containing liposome-CaP composite coatings, tre-

halose was included in the calcein solution entrapped in the liposomes. This solution was

made up to contain 70 mmol/l calcein, 100 mmol/l trehalose, 10 mmol/l HEPES buffer

and 15 mmol/l KCl (added in order to keep the osmolarity close to that of the standard

HEPES buffer). This was done by adding 0.189 g of trehalose, 0.012 g of HEPES and

0.006g of KCL to 2 ml of water before adding 0.218 g of calcein and raising the pH with

0.7 mol/l KOH solution until all of the calcein dissolved. The pH was then adjusted to

7.4 at 37� with concentrated HCl (32% solution) before the solution was made up to a
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final volume of 5 ml with water.

A special version of the standard HEPES buffer solution (originally described in Sec-

tion 3.1.2) was made with the intention of being used in freeze-drying. After manufacture,

the composite coatings would be placed in this solution during the drying procedure so

that trehalose would be present both inside and outside the liposomal membranes as

proved effective in previous studies (Madden et al., 1985; Crowe et al., 1986; 1988). This

solution was made up to contain 100 mmol/l trehalose, 10 mmol/l HEPES and 50 mmol/l

KCl. This solution was titrated with 0.75 mol/l KOH to pH 7.4 at 37�.

Initial experiments were also carried out where liposomes containing calcein and tre-

halose solution were manufactured according to the method described in Section 3.8.2

with the exception of the final step, where fresh buffer solution containing trehalose was

used to make up the suspension to a final volume of 10 ml, rather than the standard

buffer used in previous experiments. The entrapment efficiency of this suspension was

then measured according to the method described in Section 3.9.1.3. The remaining 8.5

ml of this liposome suspension was then poured into a 50 ml round-bottomed flask which

was then spun for 1 h in a rotary shell freezer (Edwards, UK) that used a bath of 2-

propanol cooled to -35�. The flask was then attached to a vacuum drying apparatus

(MicroModulo, Edwards, UK) for 24 hours.

The dried liposome suspension was rehydrated by adding 8.5 ml of buffer solution and

mixing for five minutes. The entrapment efficiency of the suspension was measured again

according to the method described in Section 3.9.1.3 and was compared with the efficiency

recorded before freeze-drying.
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3.10.2.3 Mounting of samples

The substrates to be coated were orthopaedic TiAl(6%)V(4%) alloy discs with a diameter

of 1 cm and thickness of 2.5 mm (Figure 3.6 (a)) . After unsuccessful attempts at coating

the samples by attaching them with carbon-coated adhesive pads to a stainless steel plate,

a sample holder was made from ASTM 304 stainless steel (Figure 3.6 (b)). A combination

of carbon pads for adhesion and silver conducting paint (Electrolube, Derbyshire) for a

good electrical contact, were used to mount the samples in the holder (Figure 3.6 (c)).

The sample holder and platinum anode were placed in the same configuration as described

in Section 3.2, a picture of this can be seen in Figure 3.6 (d).

3.10.2.4 Coating procedure

Coating was carried out in the same way as described in Section 3.10.1 using 260 ml of

coating solution with a starting concentration of 3.25 mmol/l Ca2+ ions and 1.95 mmol/l

PO3−
4 ions. For the first coating attempts, 10 ml of calcein-containing SPLV liposome

suspension (manufacture described in Section 3.8.2) were added during each coating cycle

that used liposomes, this was modified to 1.5 ml of liposome suspension for subsequent

attempts. Samples were coated for a total of ten coating cycles, five of which included

liposomes.

3.10.2.5 Freeze-drying of coatings

After coating, samples were removed from the sample holder and placed in 100 ml

round-bottomed flasks containing 25 ml of buffered solution containing trehalose (Sec-

tion 3.10.2.2). These flasks were then attached to a rotary shell freezer (Edwards, UK)

which spun them in a bath of 2-propanol cooled to a temperature of -35�. After an hour,
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Figure 3.6: Laboratory photographs of procedure during manufacture of calcein containing liposome-
CaP composite coatings. (a) Orthopaedic TiAl(6%)V(4%) alloy discs (diameter 1 cm, thickness 2.5 mm).
(b) Sample holder for the discs. (c) Sample holder and discs mounted with adhesive carbon pads and
silver conducting paint. (d) Set-up during coating (as described in Section 3.2)
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the flasks were transferred to a vacuum drying apparatus (MicroModulo, Edwards, UK).

The dried samples were removed after 24 hours.

3.10.2.6 Storage in calcifying solution

As an alternative to freeze-drying, samples were placed in sterile tubes (Bibby Sterilin

Ltd, Staffordshire) containing 50 ml of buffered coating solution (as described in Section

3.1.2) made up to contain 1.5 mmol/l Ca2+ ions and 2.5 mmol/l PO3−
4 ions.
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Results

In this chapter, the results recorded will be presented in three main sections. Firstly results

relating to experiments on coatings alone, followed by results of liposome experiments and

then finally those relating to composite coatings.

4.1 Coatings

4.1.1 Preliminary Experiments

4.1.1.1 Coating Time

Figure 4.1 shows an example of calculated supersaturation for various CaP phases against

time during coating by electrodeposition onto stainless steel (Section 3.2). The solution

was monitored as described in Section 3.1.1. It can be seen that the supersaturation of

HAp is much higher than that of OCP or DCPD during the coating process. The change

in supersaturation with time starts to level off for HAp after approximately 20 minutes

of coating. This knowledge allowed optimisation of the time for which coating took place
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Figure 4.1: Example graph of calculated supersaturation (β) against time for various phases during
electrodeposition of CaP. Starting solution concentration 6.25 mmol/l Ca2+ ions. Ca2+:PO3−

4 ratio of
5:3. Error bars represent standard error of the mean (n=2)

in many of the subsequent experiments.

4.1.1.2 Coating solution concentration

Figures 4.2, 4.3 and 4.4 show the calculated supersaturation against time for different

starting solution concentrations of Ca2+ and PO3−
4 ions. Each graph is for a specific

phase of CaP.

It can be seen that the rate at which the supersaturation of OCP and HAp changes

with time varies significantly with the initial concentration of the coating solution. For

both phases, the drop in calculated supersaturation over the 40 minute coating period

increases with the initial concentration of the coating solution. For OCP (Figure 4.2),

this drop is around 0.04 units for an initial coating solution concentration of 2.5 mmol/l

Ca2+ and 1.5 mmol/l PO3−
4 ions as opposed to a drop of approximately 0.14 units for an
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Figure 4.2: Graph of calculated supersaturation (β) against time for OCP at different coating solution
starting concentrations. Ca2+:PO3−

4 ratio of 5:3. Error bars represent standard error of the mean (n=2)

Figure 4.3: Graph of calculated supersaturation (β) against time for DCPD at different coating solution
starting concentrations. Ca2+:PO3−

4 ratio of 5:3. Error bars represent standard error of the mean (n=2)
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Figure 4.4: Graph of calculated supersaturation (β) against time for HAp at different coating solution
starting concentrations. Ca2+:PO3−

4 ratio of 5:3. Error bars represent standard error of the mean (n=2)

initial coating solution concentration of 6.25 mmol/l Ca2+ and 3.75 mmol/l PO3−
4 ions.

For HAp (Figure 4.4), the drop is around 0.3 units for the lowest initial coating solution

concentration (2.5 mmol/l Ca2+ and 1.5 mmol/l PO3−
4 ions), as opposed to a drop of

approximately 0.8 units for an initial coating solution concentration of 6.25 mmol/l Ca2+

and 3.75 mmol/l PO3−
4 ions.

For DCPD the situation is more opaque (Figure 4.3). A significant increase in satu-

ration of approximately 0.04 units can be seen over the 40 minute coating period when

coating at the highest initial coating solution concentration (6.25 mmol/l Ca2+ and 3.75

mmol/l PO3−
4 ions). A much more gradual increase of approximately 0.02 units is seen

for the lowest initial concentration but for the intermediate concentration (4 mmol/l Ca2+

and 2.4 mmol/l PO3−
4 ions) there is an initial saturation drop in the first ten minutes of

coating followed by a rise, with a net increase over the entire time period of approximately

0.01 units.
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4.1.1.3 Identification of phases

Figure 4.5 shows an XRD scan of a standard HAp reference material against which all

scans produced in this study can be compared.

In order to determine the phase of calcium phosphate produced by the electrodepo-

sition technique described in Section 3.2, a thick coating was produced by ten repeated

coating cycles. Fresh solution with an initial concentration of 2.5 mmol/l Ca2+ and 1.5

mmol/l PO3−
4 ions was used for each cycle. The XRD scan for this sample can be seen

in Figure 4.6. The positions of the peaks for HAp have been marked as the scan fits

this profile as listed in the JCPDS files (International Centre for Diffraction Data). This

thick sample was made in order to increase the signal to noise ratio from the coating and

to reduce the signal from the stainless steel substrate, which dominated scans of thinner

coatings.

After ascertaining the d-spacings of the planes, Equation 4.1 which relates this spacing

to the Miller indices and crystal dimensions for hexagonal crystals, was applied to the scan

in Figure 4.6. This gave crystal lattice dimensions of a = 9.93 Å and c = 7.11 Å.

1

d2
=

4

3

(h2 + hk + k2)

a2
+

l2

c2
(4.1)

Where d is the distance between planes in the set (hkl).

On the same sample, the Scherrer formula (Equation 3.1) gave an approximate crystal-

lite thickness of 43 nm for the 002 peak and 141 nm for the 211 peak. Further calculations

according to the method of Frank (1965) gave crystallite dimensions of 43 nm along the

c axis, 34 nm along the b axis and 136 nm along the a axis.

When comparing the scan of the HAp reference material (Figure 4.5) and the scan

of the electrodeposited coating in Figure 4.6 major differences can be seen. Firstly, the
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Figure 4.5: Control: XRD scan of highly pure, crystalline, homogeneous HAp standard reference
material (Markovic et al., 2004).

Figure 4.6: XRD scan of a coating produced by ten repeated electrodeposition cycles. Peaks represent-
ing planes of hydroxyapatite crystals have been marked.

110



Chapter 4. Results

resolution of peaks in the electrodeposited sample is much lower. Many of the peaks

appear to have combined into wider peaks. Secondly, the ratios of the peak intensities

are very different to those seen in the standard material. For example, the 002 peak gives

the strongest signal in the coated sample as opposed to the 211 peak in the standard

material. This difference in ratios implies that the crystallites in the coating had some

sort of preferred orientation.

Figure 4.7: XRD scan of uncoated 304 stainless steel sample. The peaks representing planes of austenite
(γ) and martensite (α) have been marked.

X-ray diffraction scans were also done of samples which had been coated for one cycle

and then given different amounts of time to mature in solution before being removed. The

maturation time periods used were 0 h, 1 h, 3h, 5h and 13 h. A control scan was done of

an uncoated 304 stainless steel sample which can be seen in Figure 4.7.

Figures 4.8 and 4.9 show the samples coated once then given zero hours maturation

time and one hour maturation time respectively. No peaks can be observed other than

those of the steel substrate on the scan of the sample without maturation. After one hour

of maturation, the HAp 002 and 211 peaks can be observed (Figure 4.9). Figure 4.10
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shows an XRD scan of the sample given three hours to mature in solution after the 20

min coating cycle. As well as the 002 and 211 peaks, the 004 peak can now be seen. The

next two figures (Figure 4.11 and Figure 4.12) show the XRD scans for the samples given

five and thirteen hours respectively to mature. Although the scans are still dominated

by the steel substrate peaks, the HAp peaks appear to be more distinct with increasing

maturation time.

Figure 4.8: XRD scan of a coating produced by one coating cycle and no maturation time. The peaks
in red are those representing planes of austenite (γ) and martensite (α) phases of the substrate. Coating
thickness 0.5 µm ± 0.1 µm (Standard error of the mean (n=3)).

Figures 4.8 and 4.9 show the samples coated once then given zero hours maturation

time and one hour maturation time respectively. No peaks can be observed other than

those of the steel substrate on the scan of the sample without maturation. After one hour

of maturation, the HAp 002 and 211 peaks can be observed (Figure 4.9). Figure 4.10

shows an XRD scan of the sample given three hours to mature in solution after the 20

min coating cycle. As well as the 002 and 211 peaks, the 004 peak can now be seen. The

next two figures (Figure 4.11 and Figure 4.12) show the XRD scans for the samples given

five and thirteen hours respectively to mature. Although the scans are still dominated
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Figure 4.9: XRD scan of a coating produced by one coating cycle and one hour maturation time. The
peaks in red are those representing planes of austenite (γ) and martensite (α) phases of the substrate.
Peaks representing HAp are marked in black. Coating thickness 3.3 µm ± 0.7 µm (Standard error of the
mean (n=3)).

Figure 4.10: XRD scan of a coating produced by one coating cycle and three hours maturation time.
The peaks in red are those representing planes of austenite (γ) and martensite (α) phases of the substrate.
Peaks representing HAp are marked in black. Coating thickness 3.5 µm ± 0.6 µm (Standard error of the
mean (n=3)).
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Figure 4.11: XRD scan of a coating produced by one coating cycle and five hours maturation time. The
peaks in red are those representing planes of austenite (γ) and martensite (α) phases of the substrate.
Peaks representing HAp are marked in black. Coating thickness 5.0 µm ± 0.6 µm (Standard error of the
mean (n=3)).

Figure 4.12: XRD scan of a coating produced by one coating cycle and thirteen hours maturation
time. The peaks in red are those representing planes of austenite (γ) and martensite (α) phases of the
substrate. Peaks representing HAp are marked in black. Coating thickness 4.5 µm ± 0.3 µm (Standard
error of the mean (n=3)).
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by the steel substrate peaks, the HAp peaks appear to be more distinct with increasing

maturation time.

When comparing the scans in Figures 4.8 to 4.12 to that of the standard (Figure 4.5),

the ratios of intensities of the peaks differ. This can been seen most clearly in the sample

given 13 hours maturation in solution after electrodeposition ceased (Figure 4.12) where

the 002 peak dwarfs that produced by the 211 reflection.

Figure 4.13: XRD scan of a coating produced by five coating cycles. The peaks in red are those
representing planes of austenite (γ) and martensite (α) phases of the substrate. Peaks representing HAp
are marked in black. The question mark is marking an unknown peak. Coating thickness 2.3 µm ± 0.2
µm (Standard error of the mean (n=3)).

XRD scans of samples coated once, allowed to mature in solution for various amounts

of time and then coated for four subsequent coating cycles are displayed in Figures 4.13,

4.14 and 4.15. Unlike in the previous samples (Figures 4.8 to 4.12), the first peaks to be

definable are the 202 peak and a peak which cannot be indexed (denoted by the question

mark in Figure 4.13). This peak could be have been created by a reflection from any one

of a number of phases including DCPD and β-TCP. In the absence of other peaks it is

difficult to determine which phase is responsible.
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Figure 4.14: XRD scan of a coating produced by one coating cycle and one hour maturation time
followed by four more coating cycles. The peaks in red are those representing planes of austenite (γ) and
martensite (α) phases of the substrate. Peaks representing HAp are marked in black. Coating thickness
5.6 µm ± 0.3 µm (Standard error of the mean (n=3)).

Figure 4.15: XRD scan of a coating produced by one coating cycle and three hours maturation time
followed by four more coating cycles. The peaks in red are those representing planes of austenite (γ) and
martensite (α) phases of the substrate. Peaks representing HAp are marked in black. Coating thickness
10.0 µm ± 0.0 µm (Standard error of the mean (n=3)).
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Figures 4.14 and 4.15 show the peaks for HAp appearing as the maturation time and

the resulting coating thickness increase. Again the ratio of peak heights is different to the

standard (Figure 4.5) although the difference in intensities of the 002 peak to the 211 is

not as great as that seen for the one-coat samples (eg. Figure 4.12).
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4.1.2 Increasing coating thickness

A CaP coating of approximately 20 µm was successfully produced after 24 successive

20 minute coating cycles onto a shot-blasted TiAl(6%)V(4%) orthopaedic alloy sample.

A picture of this sample can be seen in Figure 4.16. A relatively high coating solution

concentration of 6.25 mmol/l Ca2+ and 3.75 mmol/l PO3−
4 ions was used. At this con-

centration, a thick precipitate was immediately formed upon mixing of the calcium and

phosphate solutions.

Figure 4.16: Photograph of a thick (≈ 20 µm) CaP coating deposited onto shot-blasted TiAl(6%)V(4%)
substrate

The coating was relatively powdery in surface texture and the top surface of the coating

could be removed easily using a fingertip, revealing an more dense lower layer of coating.

4.1.3 Effects of drying method and maturation time on coating

morphology and shear strength

As described in section 3.7, two different sets of samples, one set coated for five cycles the

other for one cycle, were made and allowed to stand in the coating solution after the first
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coat for various time periods. Scanning Electron microscopy (Section 3.4.4) and lap-shear

testing (Section 3.4.5) results from these samples which were dried either in air (Section

3.5.1) or using critical point drying (Section 3.5.2) are presented here.

4.1.3.1 LV-SEM

Figure 4.17 is a low-voltage scanning electron micrograph of the control sample which was

coated without the presence of Ca2+ or PO3−
4 ions.

Figure 4.17: Control: Low voltage scanning electron micrograph of stainless steel substrate coated for
20 minutes in buffered solution containing no Ca2+ or PO3−

4 ions.
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Figure 4.18: Low-voltage scanning electron micrographs of one-coat samples left to mature in coating
solution for different amounts of time before being air dried. (a) 0 hours maturation time (thickness 0.5
± 0.0 µm). (b) 1 hour maturation time (thickness 3.3 ± 0.7 µm). (c) 3 hours maturation time (thickness
3.5 ± 0.6 µm). (d) 5 hours maturation time (thickness 5.0 ± 0.6 µm). (e) 13 hours maturation time
(thickness 4.5 ± 0.3 µm).
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Air drying

One-coat samples Figure 4.18 shows five micrographs of the set of samples which

were coated for one 20 minute coating cycle before being allowed to mature in solution for

various amounts of time prior to air drying. The coating solution contained 2.5 mmol/l

Ca2+ and 1.5 mmol/l PO3−
4 ions.

Figure 4.18 (a) shows the surface of a sample which has had no time left standing in

solution after coating. A very thin layer of CaP can be seen with regular specks of thicker

material. To the naked eye the coating could be seen as a multi-coloured layer on the

substrate due to thin film interference with light waves.

A drastic difference can be seen in Figure 4.18 (b), a much thicker, porous CaP coating

has formed on the substrate in the one hour extra that this sample has spent in solution

after the applied electric field was removed.

Figure 4.18 (c) shows that more precipitation has occurred in the two hours extra

standing time that this sample has endured (3 hours total). The pores seen in the previous

picture appear to have started to close up.

Figure 4.18 (d) is a micrograph of a sample that was left in solution for a total of five

hours. The morphology of this appears very similar to that of the sample in Figure 4.18

(c).

Figure 4.18 (e) shows a sample which was left to mature in coating solution for 13

hours after the coating cycle had finished. In this time, the rather closed, ridged structure

seen in pictures (c) and (d) has grown thicker, with delicate layers of CaP forming a

porous structure.
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Five-coat samples Figure 4.19 shows four micrographs of the set of samples which

were coated for one 20 minute coating cycle before being allowed to mature in solution

for various lengths of time. The samples then underwent four more coating cycles before

being air dried. The coating solution contained 2.5 mmol/l Ca2+ and 1.5 mmol/l PO3−
4

ions.

Figure 4.19: Low-voltage Scanning electron micrographs of samples coated once, then left to stand in
solution for various lengths of time and then coated four more times before air drying (a) No maturation
time between 1st and 2nd coats (thickness 2.3 ± 0.2 µm). (b) 1 hour maturation time. Low magnification
(thickness 5.7 ± 0.3 µm). (c) 1 hour maturation time. Higher magnification. (d) 3 hours maturation
time after first coat (thickness 10 ± 0.0 µm).

Figure 4.19 (a) shows the surface of a sample which was coated for five successive

cycles with no standing time. The coating can be seen to be granular in appearance and

relatively thick when compared to a sample which has been coated for just one cycle

(Figure 4.18 (a)).
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Figure 4.19 (b) is a relatively low magnification view of a sample which has been

allowed to stand in solution for one hour between the first and second cycles of the five

coatings that it has undergone. The thick coating can be seen to be forming large cracks

in its surface. A magnified view of the same sample can be seen in Micrograph 4.19 (c),

from which it is possible to tell that the coating has a dense, rough structure unlike the

more delicate and porous examples seen in Figure 4.18.

Figure 4.19 (d) shows a sample left in solution for three hours between the first and

second coating cycles. The extreme nature of the cracks present can be seen along with

the relatively dense and granular coating.

The samples which were left to mature for the the two other time periods (5 hours

and 13 hours), were also made, but after drying, the coatings present on both of these

were flaky and formed spalls that did not allow any analysis to be performed.

Critical Point Drying

One coat samples Figure 4.20 shows five micrographs of the set of samples which

were coated for one 20 minute coating cycle before being allowed to mature in solution

for various amounts of time prior to critical point drying. The coating solution contained

2.5 mmol/l Ca2+ and 1.5 mmol/l PO3−
4 ions.

Figure 4.20 (a) (0 hours maturation time) shows that this sample had virtually no

visible coating present after drying had been completed. Just the surface of the steel

substrate can be seen, as is obvious when comparing this sample with the control (Figure

4.17).

There is a noticeable difference between Figure 4.20 (a) and Figure 4.20 (b), with the

presence of a ‘spiky’ CaP coating on the sample, which has been left to stand for an hour
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Figure 4.20: Low-voltage scanning electron micrographs of one-coat samples left to mature in coating
solution for different amounts of time before critical point drying. (a) 0 hours maturation time (thickness
0.1 ± 0.1 µm). (b) 1 hour maturation time (thickness 3.7 ± 0.6 µm). (c) 3 hours maturation time
(thickness 6.3 ± 0.3 µm). (d) 5 hours maturation time (thickness 6.0 ± 0.6 µm). (e) 13 hours maturation
time (thickness 5.2 ± 0.9 µm).
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in solution before undergoing the drying procedure.

Figure 4.20 (c) focuses on a ‘bobble’ of material found on the surface of this, a sample

which had been allowed to mature for three hours. In fact much of the surface of this

sample was covered with these structures which ranged in size from around 2 µm to

around 8 µm. The underlying coating consisted of jagged platelets of CaP with a much

more porous structure than seen in the coating which was dried in air (Figure 4.18 (c))

The spherical structures discovered on the three sample were not found on the sample

left to mature for five hours (Figure 4.20 (d)). The coating on this particular sample was

more dense and uniform than that seen in Figure 4.20 (c).

Thirteen hours of maturation time led to the development of a relatively uniform

coating but with occasional lumps and hollows caused by thickness variations, as can be

seen in Figure 4.20 (e).

Five-coat samples Figure 4.21 shows three micrographs of the set of samples which

were coated for one 20 minute coating cycle before being allowed to mature in solution

for various lengths of time. The samples then underwent four more coating cycles before

being dried in the CPD apparatus.

The coating present after five consecutive coating cycles with no maturation time was

very thin, with a scattering of fine particles on the substrate surface (Figure 4.21 (a)).

This contrasts greatly with the sample coated in exactly the same way, but dried in air

rather than through the critical point method (Figure 4.19 (a)).

Figure 4.21 (b) and (c) show that a relatively intact coating was found after three

hours (4.21 (b)) and also even after five hours (4.21 (c)) maturation between the first two

coating cycles. This was unlike that seen in the air dried samples left for the same periods

of time.
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Figure 4.21: Low-voltage Scanning electron micrographs of samples coated once, then left to stand
in solution for various lengths of time and then coated four more times before critical point drying (a)
No maturation time between 1st and 2nd coats (thickness 0.5 ± 0.0 µm). (b) 3 hours maturation time
(thickness 8.0 ± 1.0 µm). (c) 5 hours maturation time (thickness 6.3 ± 0.3 µm).
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A series of circular convex eruptions in the coating can be seen in Figure 4.21 (b). An

idea of the thickness of the CaP deposited when the sample was allowed to stand for five

hours can be gauged in Figure (c), which focuses in on the edge of a part of the coating

which is starting to peel off the stainless steel. This thickness was measured by optical

microscopy as approximately 6.3 µm.

As was the case for the air dried five-coat samples, the sample left to stand for 13 hours

after the first coat was too poorly adhered to the substrate to carry out any analysis.

4.1.3.2 Coating thickness and maturation time

Figure 4.22: Coating thickness against maturation time for one-coat samples. Error bars represent
standard error of the mean (n=3).

Figure 4.22 shows the variation in coating thickness with maturation time for the one

coat samples which had been dried in air and by critical point drying. It can be seen that

the thickness of the air dried coating increases rapidly in the first hour of maturation and

then rises more slowly to a maximum of around 5 µm after five hours before levelling off.
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Figure 4.23: Coating thickness against maturation time for five-coat samples. Error bars represent
standard error of the mean (n=3).

The thickness of the coating dried using the critical point method rises rapidly until three

hours of maturation (≈ 6 µm in thickness) where it also levels off. The critical point dried

coating is less thick than the air dried coating in samples given no maturation time but

thicker than the air dried coating after three hours of maturation.

Figure 4.23 shows the thickness variation with maturation time for the five-coat sam-

ples. The thickness of the air dried samples rises from around 2 µm with no maturation

time to 12 µm after five hours maturation. The air dried samples are thicker at each

time period than those which have been critical point dried. In fact, the thickness of the

critical point dried samples falls slightly between three and five hours of maturation.

4.1.3.3 Lap-shear strength

Control The control sample was made from two uncoated samples tested in the same

way as for all of the other lap shear samples (Section 3.4.5). The resulting shear strength
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was calculated as 9.1 MPa ± 80 kPa (Standard Error).

One coat samples Figure 4.24 shows a graph of the lap shear strength against matu-

ration time for the samples coated once.

Figure 4.24: Lap-shear strength against maturation time for one coat samples. Error bars represent
standard error of the mean (n=3).

For the air-dried samples, the initial trend in shear strength can be seen to be a

doubling from around 2.5 MPa to around 5 MPa with an hour of maturation time. This

is followed by a decline in shear strength as the standing time increases.

For the critical point dried samples, the trend in strength is an initial sharp drop from

a maximum of around 9 MPa at zero hours standing time to a shear strength of around 1

MPa after one hour maturing in solution. The strength then jumps up to approximately

7.5 MPa for the three hour samples before starting to decline with increasing time.

It is also clear from the graph that the shear strength of the critical point dried samples

is higher than that recorded for the air dried samples at maturation times of zero, three
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and five hours.

Figure 4.25: Lap-shear strength against coating thickness for one-coat samples. Error bars represent
standard error of the mean (n=3).

Figure 4.25 shows a plot of coating lap-shear strength against coating thickness for

the one-coat samples. There is no obvious relationship between the two variables for

the air dried samples. The shear strength of those coatings which were dried using the

critical point method appears to show an increase in shear strength with increasing coating

thickness above ≈ 3.5 µm. The shear strength for the CPD samples is however highest at

the lowest coating thickness.

Five coat samples Figure 4.26 shows lap shear strength against maturation time for

the samples coated for one coat, left to mature in solution and then coated for four more

cycles before being dried.

From the data collected for the air dried samples, it is only possible to say that there

is a slight increase in shear strength after three hours maturation time when compared
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Figure 4.26: Lap-shear strength against maturation time after the initial coating cycle for five-coat
samples. Error bars represent standard error of the mean (n=3).

with the samples left standing for zero hours.

There is a slight reduction in shear strength for the critical point dried samples after

one hour maturation time as compared with those given no maturation time. There is

a large reduction in shear strength in the five hour samples when compared with all the

other samples.

The shear strength of the critical point dried samples is higher than that for air dried

samples at zero, one and three hours.

Figure 4.27 shows a plot of coating lap-shear strength against coating thickness for the

five-coat samples. There is a slight increase in shear strength of the air dried samples as

the coating thickness increases from around 2.5 µm to 10 µm. The relationship between

the variables for the CPD samples is not clear, with the highest coating shear strength

occurring at both the lowest and highest coating thicknesses.
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Figure 4.27: Lap-shear strength against coating thickness for five-coat samples. Error bars represent
standard error of the mean (n=3).

4.1.4 SEM investigation of lap-shear fracture surfaces

Micrographs of some of the post shear test surfaces of the coated samples and the blanks

which had been cemented to them are presented here.

Figure 4.28 shows post-fracture surfaces of the blanks which were stuck to the one

coat samples before testing. These blanks were the uncoated pieces of stainless steel that

were coated in epoxy resin and then attached to the coated samples. Therefore, these

micrographs show the underside of any coating material that was pulled off the coated

samples since the fracture path was found to be between the coating and the original

substrate to which it was attached. A diagram explaining this can be seen in Figure 4.29.

Figure 4.28 (a) shows a relatively low magnification view in which a pattern of steel

grain boundaries can be seen. This pattern is protruding from the layer of epoxy and

coating that has been pulled off from the coated sample. Flecks of the coating that have

been pulled off can be seen sparsely covering the epoxy surface. Figure 4.28 (b) shows a
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Figure 4.28: Micrographs of the fracture surfaces of blanks used during lap-shear testing of one coat
samples. (a) Pull off from sample left to mature for one hour. (b) Higher magnification view of sample
in Micrograph 1. (c) Pull off from sample left to mature for three hours. (d) Higher magnification
view of sample in Micrograph 3. (e) Pull off from sample left to mature for thirteen hours. (f) Higher
magnification view of sample in Micrograph 5.
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CaP coating

Epoxy resin

Sample

Blank

B. Post-fractureA. Pre-fracture

Blank

Sample

Figure 4.29: Diagram explaining views of post-fracture surfaces. (A) Pre-fracture. (B). Post-fracture
where the the fracture path was found to be between the coating and the substrate, leaving both CaP
and epoxy resin attached to the blank.

higher magnification view of this surface.

The low and high magnification micrographs of the pulled off coatings from a sample

left to mature in solution for three hours after coating (Figure 4.28 (c) and (d)) are similar

to Figures 4.28 (a) and (b) in many respects. However, the flecks of coating are less well

defined and more closely spaced than for the samples given zero hours maturation time.

It is difficult to say whether there is a continuous layer of coating covering the epoxy

pull-off. Because of the brightness of the protruding grain boundary imprints (magnified

in Figure 4.28 (d)), it is also difficult to determine whether these are covered in a layer of

the CaP coating.

The LV-SEM pictures of the pull off from a sample allowed to stand in solution for

13 hours after coating can be seen in Figure 4.28 (e) and (f). The bulk of the coating in

the low magnification view can be seen to be covered in many light patches in the gaps

between the grain boundary imprints. In the higher magnification view (Figure 4.28 (f)),

these patches can be seen to consist of pits in the coating pull off. In comparison to the

samples left to mature for shorter time periods, the grain boundary imprints appear to
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be smoother and more raised in morphology.

Figure 4.30: Micrographs of the post-fracture surfaces of one coat samples used for lap-shear testing.
(a) Sample coated once, without any maturation time in solution prior to the coating being sheared off.
(b) One-coat sample left to mature for one hour prior to the coating being sheared off. (c) One-coat
sample left to mature for five hours prior to the coating being sheared off. (d) One-coat sample left to
mature for thirteen hours prior to the coating being sheared off.

Figure 4.30 shows LV-SEM micrographs of the post-fracture surfaces of the one-coat

samples that had been coated before having uncoated blanks attached to them. A diagram

explaining this can be seen in Figure 4.29.

Figure 4.30 (a) shows that virtually all of the coating present, on the sample which did

not have any time standing in solution, was removed by the epoxy-coated blank during

the lap shear test. All that can be seen to remain is a few scattered particles. For the

sample which received a one hour maturation in coating solution (Figure 4.30 (b)), the
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area where the coating has been pulled off is similar to that seen in Figure 4.30 (b), but

with a larger amount of particulate matter in the grain boundaries. In this particular

micrograph a section of coating that has not been pulled off can be seen in the bottom of

the image.

The situation is very different when it comes to the sample given five hours maturation

time (Figure 4.30 (c)). Many fragments of the original coating remain. The remains of

the coating appear thicker in certain areas. The coating remaining on the 13 hour sample

(Figure 4.30 (d)) is not as thick as that seen in Figure 4.30 (c), but appears to be more

particulate in nature.

4.1.5 Effect of maturation time on coating crystallinity

Unfortunately XRD scans on the various samples manufactured for the maturation time

studies gave a very poor signal to noise ratio due to the relatively thin coatings. Trans-

mission electron microscopy and electron diffraction of samples grown on to grids (method

described in Sections 3.4.2 and 3.4.3), gave more reliable results.

Examples of TEM bright field micrographs and corresponding selected area diffraction

patterns (SADP) can be seen in Figure 4.31. Figure 4.31 (a) shows the coating after one

20 minute coating cycle, with no maturation time in solution. The substance present can

be seen to be relatively amorphous, with clumps made up of spheres. Figure 4.31 (b)

shows the SADP corresponding to Figure 4.30 (a). This confirms the amorphous nature

of the material seen in the bright field image. Figure 4.31 (c) shows the coating after

one 20 minute coating cycle and then one hour maturation time in solution. Here, the

substance can also be seen to be amorphous in nature, with spheres of material made up

of smaller spheres. The SADP of Figure 4.31 (c) can be seen in Figure 4.31 (d) confirming
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Figure 4.31: TEM bright field micrographs and corresponding selected area diffraction patterns of
coatings produced by one coating cycle on holey carbon grids. Samples were allowed to mature in
solution for various amounts of time. (a) Bright field image of sample without any maturation time.
(b) Selected area diffraction pattern relating to image (a). (c) Bright field image of sample with 1 hour
maturation time. (d) Selected area diffraction pattern relating to image (c). (e) Bright field image of
sample given 3 hours maturation time. (f) Selected area diffraction pattern relating to image (e). (g)
Bright field image of sample given 5 hours to mature in solution. (h) Selected area diffraction pattern
relating to image (g). 137
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the relatively amorphous nature of the material.

For the sample given three hours to mature in solution (Figure 4.31 (e), SADP Figure

4.31 (f)), material which is more crystalline in nature can be seen to have formed. Needle-

like crystals can be seen at the edge of an area of coating in the bright field micrograph

and a defined set of diffraction rings can be made out in the SADP. These crystals can

be seen to have been grown further after a further two hours in solution (total time 5

hours), as seen in Figure 4.31 (g). The corresponding SADP (Figure 4.31 (h)) shows a

polycrystalline pattern with ring spacing characteristic of hydroxyapatite. After indexing

these rings to the planes of HAp (with the brightest ring being the (211) set of planes) and

calculating the corresponding d-spacings, Equation 4.1 was used to calculate the crystal

lattice dimensions. This gave results of a = 9.53 Å and c = 6.87 Å.
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4.2 Liposomes

4.2.1 Preliminary experiments

A long period of preliminary experimentation occurred. This was mainly concerned with

finding a method of liposome manufacture that was capable of reliably entrapping solutes

given the equipment and raw materials available.

4.2.1.1 Maximising entrapment efficiency

Figure 4.32: Calibration curve for the fluorescence of calcein and calcein with the addition of 2 mmol/l
Ca2+ and 1.2 mmol/l PO3−

4 ions. Both sets of solutions were buffered at pH 7.4 with 10 mmol/l HEPES.

Calcein calibration As described in Section 3.9.1, methods were employed that used

the fluorescent marker molecule, calcein. Figure 4.32 shows the calibration curves for

calcein and calcein with Ca2+ and PO3−
4 ions added. The recorded fluorescence intensity

increased sharply with a relatively small change in calcein concentration for both sets
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of samples, with a concentration increase of approximately 3 × 10−7 mol/l doubling the

relative fluorescence of the solution (in the case of the solution without CaP added). The

rate of increase in fluorescence with concentration was slightly less for calcein solutions

that also contained Ca2+ and PO3−
4 ions.

This information could then be used for quantification of calcein concentration, al-

lowing entrapment efficiency to be calculated through the method described in Section

3.9.1.3. For experiments involving calcein in the presence of CaP (such as in the case of

CaP-coated liposomes, Section 3.8.4), the calibration curve obtained with the addition of

Ca2+ and PO3−
4 ions was used.

Method of manufacture The initial method used in order to manufacture liposomes

was that described in section 3.8.1. This was later abandoned due to the need to use a

large volume of solution (10 ml) containing the solutes to be entrapped. This meant the

process was intrinsically inefficient at entrapping the solutes. The process to manufacture

SPLV’s (Section 3.8.2) was then used instead. In this method only 0.3 ml of solution,

containing the solute to be entrapped, was required in order to produce the same volume

of liposome suspension as in the initial methodolgy.

Optical micrographs of SPLVs containing 70 mmol/l buffered calcein solution can be

seen in Figure 4.33.

From these micrographs it can be seen that the population of SPLVs varies widely in

size from the nanometre range to several microns in diameter.

Entrapment efficiency Initial experiments on determining entrapment efficiency of

calcein gave very low percentage entrapment results (≈ 0.6 %). This was later increased to

approximately 8 % through measures such as replacing the solid phosphatidylcholine used
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Figure 4.33: Optical micrographs of SPLVs containing entrapped calcein solution. (1) Low magnifica-
tion micrograph (× 500). (2) Higher magnification micrograph (× 750).

initially (60 % pure) with lipid that had been pre-dissolved in chloroform and packaged in

a protective atmosphere (99 % pure). Example fluorescence spectra from an entrapment

experiment can be seen in Figure 4.34.

Figure 4.34: Example calcein fluorescence spectra used to calculate entrapment efficiency. Excitation
wavelength 490 nm. (1) Spectrum from liposome population with entrapped calcein (2) Spectrum from
the same liposome population after the liposomes have been disrupted with ethanol, releasing the calcein.
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Figure 4.35: Graph showing the percentage release of calcein over time for CaP-coated and non-coated
liposomes incubated at 37�. Solutions were buffered to pH 7.4. Error bars represent the standard error
of the mean (n=2).

4.2.2 Diffusion studies

4.2.2.1 Calcein release from coated and uncoated liposomes

Figure 4.35 shows the percentage release of calcein over time from two populations of

liposomes, one CaP coated, the other uncoated. The experimental method used was

described in Section 3.9.1.4.

The graph shows that the percentage release of calcein from the two liposome pop-

ulations was similar at the first measurement period (20 h), but differed widely at all

subsequent time periods. At 44 h the percentage release value for the CaP coated lipo-

somes was lower than for the uncoated samples. From 70 h onwards, more calcein had

been released from those liposomes coated with CaP phases. No change in molecule re-
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Figure 4.36: Calibration curves for buffered gentamicin solutions at (1) relatively low and (2) relatively
high concentrations.

lease could be seen for the first 116 h in uncoated liposomes, with the release at 164 hours

being slightly higher than that observed at 20 h. Release of calcein from coated liposomes

had increased greatly after just 70 h.

4.2.2.2 Studies on gentamicin

Calibration Figure 4.36 shows two different calibration curves constructed using buffered

gentamicin solutions (as described in Section 3.9.2.2). Equations of the curves were used

to calculate gentamicin concentrations for fluorescence values recorded in the low (reading

of < 5 units) or high (reading of > 5 units) regions of the measurements.

Example scans of solutions containing gentamicin is shown in Figure 4.37.

Release from uncoated liposomes Figure 4.38 shows results from a preliminary ex-

periment on release of gentamicin for uncoated SPLVs. In this graph, it can be seen that

the percentage release of the antibiotic from the liposomes is greater at 19 h and beyond

than for the reading taken after approximately 1.5 hours. The readings taken at 25 hours
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Figure 4.37: Example scans of gentamicin fluorescence. Excitation wavelength 330 nm. (1) Scan of low
concentration of gentamicin (1 mmol/l ). The arrow points to the peak used for gentamicin quantification.
(2) Scan of higher concentration of gentamicin (15 mmol/l)

Figure 4.38: Percentage release of gentamicin from uncoated liposomes at 37 �. Error bars represent
the standard error of the mean (n=2)

show that the percentage release of gentamicin at this time is greater than that at 19 h.

There is no difference between the values of any other readings.
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4.3 Composite coatings

4.3.1 Effect of liposomes upon coating solutions

Figure 4.39: Graphs showing supersaturation of CaP phases against time during electrodeposition of
CaP with and without the addition of liposomes. Starting Ca2+ concentration 6.25 mmol/l. (a) HAp
supersaturation against time. (b) OCP supersaturation against time. (c) DCPD supersaturation against
time. Error bars represent standard error of the mean (n=2)

Figure 4.39 shows graphs of the supersaturation of HAp, OCP and DCPD against

time during the electrodeposition of CaP with and without liposomes. The graph for

HAp (Figure 4.39 (a)) shows that the fall in supersaturation in the presence of liposomes
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takes the form of a steady decline as opposed to a rapid drop followed by a leveling off,

which is the case for electrodeposition without the vesicles. This modulation of rate of

supersaturation drop is much less clear in the case of OCP (Figure 4.39 (b)), although

the drop in supersaturation for the solution without liposomes can be said to be greater

between five and fifteen minutes of electrodeposition commencing than that observed for

the solution containing vesicles. Figure 4.39 (c) shows that there is a relatively rapid

rise in the supersaturation of DCPD during the first ten minutes of coating without

liposomes which subsequently levels off. The supersaturation rise in the coating solution

with liposomes present is much more consistent for the entire time period of observation.

4.3.2 Calcein containing liposome-CaP composite coatings

A number of months were spent manufacturing composite coatings with calcein-containing

liposome vesicles for an orthopaedics company with the view to data on the release of the

calcein being made available for this study (see Section 3.10 for method). Unfortunately

the company lost the samples and therefore only a description and resolution of problems

encountered during their manufacture can be described here.

4.3.2.1 Maximising entrapment

As already described in Section 4.2.1.1, efforts to improve on the entrapment efficiency of

SPLVs led to an increase in entrapment from ≈ 0.6 % to approximately 8 %.

4.3.2.2 Use of the disaccharide trehalose

The sugar trehalose was added to solutions present both inside and outside the liposomes

in order to protect the membranes during freeze-drying. The entrapment efficiency was
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measured of liposomes containing calcein and trehalose solution both before and after

freeze-drying and rehydration (Section 3.10.2.2). The entrapment efficiency was ≈ 7.5%

before drying and was ≈ 0.5% after drying and rehydration. This indicated that 93% of

all the calcein originally entrapped in the liposomes had leaked out during the drying and

rehydration process.

4.3.2.3 Freeze-drying of coatings

Despite poor retention of vesicle contents during freeze-drying (Section 4.3.2.2), attempts

were made to use the freeze-drying technique for composite coatings on orthopaedic

TiAl(6%)V(4%) alloy discs (method described in Section 3.10.2.5).

Before drying, the wet composite coatings appeared to completely cover the entire

coated surface of the discs, with no cracking visible to the naked eye. The coatings

appeared to be in the order of several microns in thickness and had a yellow tinge to their

colour. After drying, the coatings were flaking off the substrate and forming spalls, there

was also a layer of encrusted, dried sugar covering the samples. After several repetitions

of this drying procedure with the same result, it was decided to leave the coatings in

a wet condition for storage by storing them in calcifying solution as described in the

experimental procedures section (Section 3.10.2.6).
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Discussion

In this section, the results presented in the previous chapter will be looked at in more

detail and discussed with reference to current scientific knowledge as described in the

literature review (Chapter 2).

5.1 Coating time and solution concentration

Monitoring of calcium ion concentration, temperature and pH during the coating of stain-

less steel substrates by electrodeposition (method described in Section 3.2), allowed the

saturation of the various CaP phases to be quantified as the procedure commenced.

Graphs of the calculated supersaturation used to determine coating time and the effect

of coating solution concentration can be seen in Sections 4.1.1.1 and 4.1.1.2.

Because of the make up of the coating solution, including the high ionic strength,

achieved through addition of 0.1 mol/l of potassium chloride, the calculated saturations

of the predominant phases present in solution showed that HAp was the most highly sat-

urated phase present (most supersaturated). This meant that it was thermodynamically
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most favourable for HAp to precipitate out of solution during the coating procedure. OCP

had the next highest supersaturation. DCPD, however was not defined as supersaturated

since the level of supersaturation did not rise above 1 (described in Equation 2.13 in

Section 2.4.1.2).

5.1.1 Coating time

The observed drop in HAp and OCP supersaturation, which occurred up to approximately

20 minutes of coating time for the higher coating concentrations (Section 4.1.1.1), was

likely to be due to depletion of the available Ca2+ and PO3−
4 ions in solution. By the time

that this drop occurred, any buildup of coating (or CaP particles) around the electrode

would also have been likely to interfere with the process of electrogeneration of base, as

described in Equations 2.24 and 2.25. This inability to induce a pH increase around the

electrode, would in turn slow down the precipitation of CaP phases from solution, leading

to a reduction in the rate at which the supersaturation dropped. Because of these factors,

it was at this time that coating was stopped and the solution replaced before commencing

any subsequent coating cycles.

The saturation of DCPD could be seen to increase slightly during the experiment. The

level of saturation was always below a value of 1, at which point a solution can be said to

be supersaturated with respect to that phase.

5.1.2 Initial coating solution supersaturation

The effect that altering the initial concentration of calcium and phosphate ions in the

coating solution had upon the supersaturation of OCP and HAp prior to coating (shown in

Figures 4.2 and 4.4, Section 4.1.1.2), would have been expected to be a direct consequence
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of the relationship between the concentration of these ions and the relative supersaturation

of the products that they were likely to produce i.e. The initial supersaturations of HAp

and OCP would be expected to be highest at the start of the coating experiment that

used the highest concentration of Ca2+ and PO3−
4 ions in solution. However, this was

not necessarily the case. For HAp, the initial supersaturation in the experiments run

with a solution concentration of 6.25 mmol/l Ca2+ ions was lower than for where the

solutions contained 2.5 mmol/l Ca2+ ions. Both of these sets of experiments started with

a higher HAp supersaturation than for the intermediate solution concentration. When

observing OCP, the initial conditions prior to coating were such that the experiments

carried out with the lowest starting calcium and phosphate concentrations also had the

highest supersaturation. Experimental errors that may have occurred during the making

of the stock solutions, their dilution to make the coating solutions and the calibration

of the monitoring equipment were minimised. So this phenomenon may be explained

by precipitation prior to coating. It is the case that, for the highest coating solution

concentration in particular, the coating solution turned from transparent and colourless,

to opaque and white instantaneously upon mixing the calcium and phosphate-containing

constituents of the solution. Thus, the concentration of any free Ca2+ and PO3−
4 ions in

solution would fall dramatically prior to coating as these ions formed solid CaP phases

in suspension. This would cause a lowering in the solution supersaturation before the

conditions had been measured at the start of the electrodeposition procedure. The initial

formation of precipitate in solution would also allow homogeneous nucleation of the CaP

phases to occur rapidly upon the particulate matter, which could act as seeding nuclei,

allowing the supersaturation of these phases to drop even further, when compared to the

drop seen for other solution concentrations.

Upon mixing the constituent calcium and phosphate containing parts of the solution
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of intermediate concentration (starting concentration 4 mmol/l Ca2+ ions), a very faint

‘milkiness’ could be seen. During the course of the coating procedure, this faint indication

of precipitation became more obvious with time; the solution becoming translucent in

character at the end of the 40 minute period. This may help to explain why, in the cases

of OCP and HAp (Figures 4.2 and 4.4), the intermediate coating concentration had a

lower supersaturation during the experiment than that observed for the lowest calcium

and phosphate ion concentration (2.5 mmol/l Ca2+ and 1.5 mmol/l PO3−
4 ).

For DCPD, the saturation of the intermediate concentration coating solution was

higher than for the other concentrations at the outset of the experiment. This is the

reverse of the situation seen for HAp. It may help to describe DCPD as undersaturated

(being the opposite of supersaturated) and then the intermediate concentration could be

described as having the lowest undersaturation of the three concentrations at the initial

time period. Undersaturation (σ) can be defined in a similar way to supersaturation:

σ = 1−
(

IP

Ksp

) 1
υ

(5.1)

Where IP and Ksp are defined as in Equation 2.13 in Section 2.4.1.2.

5.1.3 Change in supersaturation

As described in the results section (Section 4.1.1.2), the drop in the saturation of HAp

and OCP over the entire coating period increased with the initial concentration of the

coating solution. Since supersaturation gives a measure of the viability of precipitation

occurring, any drop in supersaturation is more likely when the supersaturation is high.

Therefore it would be expected to be self-limiting in that the rate of fall in supersatu-

ration should level off asymptotically as it approaches 1 (the transition point between a
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solution being undersaturated and supersaturated). The precipitation that occurred both

immediately upon mixing of the calcium and phosphate solutions and over a period of

time during the electrodeposition process gave rise to nuclei in solution capable of seeding

the further growth of CaP, allowing this high rate of fall in saturation to continue, even if

the supersaturation driving this precipitation had fallen itself. This effect can be seen in

the cases of OCP and HAp, which continued to have a falling saturation level even though

in these same graphs it can be seen that the actual saturation of the 2.5 mmol/l Ca2+

solution was much higher for most of the experimental time period and should therefore

have facilitated a higher rate of precipitation.

Another factor to be taken into consideration is that these measurements were taken

in the bulk of the solution, the situation near the surface of the electrodes is likely to

have been very different, with the electrogeneration of base raising the local pH and

thus increasing the level of HAp and OCP supersaturation. This would allow continued

precipitation out of solution even when the driving force of this precipitation was low in

the bulk solution.

For DCPD, the saturation increased most rapidly for the experiments carried out with

the 6.25 mmol/l Ca2+ solution. This trend is again the reverse of that seen for OCP and

HAp. There was a very slight overall saturation rise over the 40 minute coating period for

the intermediate concentration and a more significant rise in the case of the lowest solution

concentration. It is difficult to draw any simple conclusions based on the same grounds

as for OCP and HAp, since the solutions were undersaturated with respect to DCPD for

the entire coating period. Since no DCPD precipitate is likely to have formed, it is not

possible to say that any direct nucleation effect can be seen. The changing saturation

values of the DCPD over the coating time period are likely to be a direct result of the

changing solution conditions induced by the precipitation of OCP and HAp as well as the
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electrogeneration of base, rather than any direct formation of DCPD itself.

5.2 Identification of phases by XRD

In Section 4.1.1.3, the results determined from the use of X-ray diffraction on coated

samples are described. In order to overcome the problem of the signal from the stainless

steel substrate dominating the scan, a thick coating was made so that the phase of CaP

deposited could be determined. As shown (Figure 4.6), the diffraction pattern recorded

fits the profile of HAp in terms of the positions of the peaks. However, the ratios of the

peak intensities are different to that seen in a scan of standard reference HAp (Figure

4.5). In particular, the (002) and (004) peaks are large in proportion to the other peaks

when compared with the standard. According to Danilchenko et al. (2004), the peak area

is proportional to the total area of reflecting planes and therefore the area of the (002)

and (004) peaks are proportional to the number of crystallites with their [001] planes

perpendicular to the substrate surface. Because of this, it can be concluded that there

is a preferred orientation of crystallites with their c-axis perpendicular to the substrate

in the electrodeposited sample. The fact that the peaks in the scan of this sample are

not clearly distinguishable from one another means that the coating can be described as

a poorly crystalline HAp.

From the monitoring of solutions described in the previous section, it was shown that

OCP was likely to have been precipitating out of solution during the coating process,

however no XRD peaks for OCP could be found in the coating which resulted. This could

simply be due to the fact that any signal from OCP was masked by the HAp, which

was likely to be present in a higher proportion. The fact that electrode measurements

were taken in the bulk of the solution and therefore did not necessarily indicate what was
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occurring at the electrode surface also needs to be considered. However, the set of planes

with highest intensity of reflection for OCP are the (010) set which would show as a peak

at 2θ = 4.7° which is in a region where no HAp peaks occur. The lack of this peak leads

to the assumption that OCP is not present in this sample (coated for 10 successive cycles)

and therefore any OCP which had been present in the coating must have transformed

during the time that the sample was undergoing the coating procedure. Alternatively

HAp may have formed directly without an OCP precursor phase.

Samples manufactured for the maturation time experiments (described in Section 3.7)

were also subjected to XRD analysis. For the sample coated once with no maturation

time, the only signal to be seen in the XRD scan (Figure 4.8) is that of the stainless steel

substrate. This was to be expected as the coating is only around 0.5 µm in thickness.

As maturation time of the one-coat samples increases (Figures 4.9 to 4.11), the coating

thickness and the strength of the signal from the coating also increase. The first peaks

discernable peaks are those of the HAp (002) and (211) which can be seen on the scan

of the sample given an hour to mature (Figure 4.9). The presence of the the (002) peak

before many others implies a preferred orientation of the HAp crystallites with their c-

axis perpendicular to the substrate. A further two hours of maturation (Figure 4.10)

leads to the appearance of the (004) HAp peak, which is relatively small on the scan of

the randomly-orientated standard (Figure 4.5) again supporting the fact that HAp has a

preferred orientation in this coating.

The differences in the scans of the one-coat samples given five and thirteen hours to

mature (Figures 4.11 and 4.12) are interesting to note as the coatings are of approximately

the same thickness (4.5 to 5 µm). When comparing the (002) peak relative to the (211)

peak in these samples, the peak seems to grow with extra maturation, suggesting that

maturation time affects the preferred orientation of the crystallites in the coating.
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The scans from the five-coat samples also show more HAp peaks as maturation time

after the first coat and coating thickness increase (Figures 4.13 to 4.15). The scan of the

sample that simply underwent five coating cycles with no maturation (Figure 4.13) shows

a very small HAp (202) peak as well as another very small peak. As already stated in the

results section, this other peak could be one of a number of phases including DCPD or

β-TCP but absence of an alternative peak from the same phase does not allow an exact

identification to be made. The fact that the first definable HAp peak is not the (002), as

was seen in the one-coat samples is interesting to note.

The five-coat sample given an hour of maturation after the initial coating cycle (scan

shown in Figure 4.14), is of comparable thickness to the one-coat samples given five

and thirteen hours maturation, the scans of which are shown in Figures 4.11 and 4.12.

When comparing these profiles, it is clear that even thought the five-coat sample is of

approximately equal thickness, fewer HAp peaks are present. Along with the amorphous

‘bump’ at ≈ 2θ = 5.5◦, this suggests a less crystalline coating. When assessing the peaks

which are there, the size of the (002) peak compared to the (211) is much smaller in the

five-coat sample, suggesting less preferred orientation effects. More of the HAp peaks

can be seen in the scan of the five-coat sample given three hours maturation after the

initial coat (Figure 4.15). Considering the relatively thick coating in this case (≈10µm)

the signal to noise ratio and number of distinct peaks is rather low when compared to the

one-coat samples. This may suggest a relatively non-crystalline coating structure. Again,

there is also less of a preferred orientation effect parallel to the HAp c-axis when compared

to the one-coat samples.

The crystal dimensions were determined from the (002) and (310) sets of planes of

the scan shown in Figure 4.6. The values calculated (a = 9.93 Å and c = 7.11 Å) are

large compared with those determined by Kay et al. (1964) (a = 9.423 Å and c = 6.881
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Å). There are a number of possible reasons for this discrepancy including calibration of

the XRD machine, calculation errors and peak shifting caused by the underlying signals

of other phases or the substrate material. The difference in crystal dimensions are not

necessarily outside the boundaries of error when looked at in percentage terms, the cal-

culated a dimension in this case being approximately 5% larger than the standard value

and the c dimension being ≈ 3% larger.

The Scherrer calculation on the XRD pattern was performed twice, once on the 002

peak and once on the 211 peak. The average dimensions of the a, b and c axes of the

crystallites (a = 136 nm b = 34 nm and c = 43 nm) indicate that the HAp is ‘tablet

shaped’.

The one-off specimen used for the calculation of crystallite dimensions was manufac-

tured specifically for that purpose as the small signal to noise ratio and dominance of

substrate in the other samples would have led to high degrees of error. This particular

sample can be said to be representative of the other coatings to some extent as the same

basic coating procedure and solution concentrations were used in the manufacture of all

of the samples. Obviously by nature of varying maturation times after the initial CaP

coat as well as the addition of four subsequent coatings in some cases, there will be some

differences between the thick coating used here as a reference (Figure 4.6) and the other

coatings (Figures 4.8 to 4.15). This reference coating, however, does give a good idea of

the different peak ratios and any slight differences in peak positions in the CaP coatings

produced by this technique and measured using settings on this particular diffractometer,

as opposed to the standard from the literature (Figure 4.5). It is obvious from comparing

the scan in Figure 4.6 with the standard, that this coating represents a poorly crystalline

HAp rather than a highly crystalline specimen. Since this sample did not undergo a mat-

uration period, it cannot be concluded that all of the thinner coatings shown in Figures
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4.8 to 4.15 are also poorly crystalline. In this respect, the one-off specimen is unrepre-

sentative. Changes in coating crystallinity with maturation time are discussed in Section

5.6.

5.3 Increasing coating thickness

A coating of around 20 µm in thickness was achieved though 24 repeated coating cycles

at a relatively high coating solution concentration, (6.25 mmol/l Ca2+, 3.75 mmol/l PO3−
4

ions) and then drying in air. As mentioned previously the volume of calcium phosphate

coating solution was also enlarged from that already used in order to provide a larger

reservoir of calcium and phosphate ions.

This experiment was carried out in order to see if producing 20 µm or over coatings

was viable in a laboratory setting. It was thought that thicker coatings would have a

number of advantages:

� Longer coating resorption times when implanted.

� An increased volume of coating into which liposomes and their contents could be

incorporated thereby increasing the potential delivery of bioactive moieties from the

coating.

� The provision of a more substantial and visible coating comparable to the thick,

white, plasma sprayed coatings currently used by orthopaedic surgeons.

Additionally, due to the insulating nature of the coatings produced, it was thought that

there would be some sort of limit to the thickness produced by an electrodeposition

technique.
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The resulting coating in this study, although thick, had a powdery surface texture,

easily removable by use of a finger or by tapping the sample on a hard surface. Underneath

this powder-like surface a more coherent and robust coating could be found.

Since the mixing of the calcium and phosphate constituents of the coating solutions

resulted in a thick precipitate being formed immediately when using such a high coating

concentration, it is assumed that an electrophoretic mechanism was involved in the elec-

trodeposition process in these cases. A possible mechanism of the growth of the coating

under similar circumstances was given by Peaker and Czernuszka (1996) (as described at

the end of Section 2.7.3.1). In that particular set of experiments, the highest starting

Ca2+ concentration was 1.75 mmol/l; much lower than in the case currently being con-

sidered. The coating in that instance was described as resulting from an electrophoretic

mechanism and so it can be safely assumed that coating using 6.25 mmol/l Ca2+ was

occurring by the same mechanism. The powdery texture of the coating was a result of the

agglomeration of CaP particles in suspension which were transported electrophoretically

to the electrode. Although this was an effective method to manufacture thick coatings,

it sacrificed mechanical integrity. As a result, most of the subsequent experiments were

done using a much lower coating solution concentration (2.5 mmol/l Ca2+) and experi-

mentation was carried out on ways of increasing the strength of coatings by varying the

maturation time of the coatings in solution and also altering the drying method.
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5.4 Effects of drying method and maturation time on

coating morphology and shear strength

This section of the discussion refers to the results set out in Section 4.1.3. First the

morphology changes and then changes in the coating shear strength with varying standing

time and drying methods will be considered.

5.4.1 Effects upon coating morphology

The use of low-voltage scanning electron microscopy allowed visualisation of the very

surface layer of the samples while minimising any beam damage.

Imaging of the control sample (Figure 4.17) shows that there are occasional small

flecks of debris on samples coated in solution without any added calcium or phosphate

ions. These flecks indicate contamination deposited during storage and/or dust and debris

from the guillotine used to cut the stainless steel down to a size suitable for the microscope

chamber. This is the image which can be compared to all of the other micrographs to show

what effect on the substrate can be put down to coating technique and sample handling

rather than interactions of CaP phases with the samples.

5.4.1.1 Air dried

The differences between the control sample and the very thin coating covered in flecks

of thicker material, (Figure 4.18 (a)), can be attributed to one 20 minute coating cycle

at 37� with 2.5 mmol/l Ca2+ coating solution followed by air drying. The differences

between this first sample and all of those subsequently seen in the figure (Figure 4.18,

Micrographs (b) to (e)) are attributable to changes in the time that these samples were
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left standing in solution after coating.

Comparisons can be made between the situation seen in this case, with a thin amor-

phous layer of CaP formed (Figure 4.18 (a)) which then appears to act as a seeding face

for subsequent coating growth (Figure 4.18 b to e) and the two stage coating procedures

used by many researchers. Several studies have been described which used a two stage

coating process involving an initial coating of CaP growth nuclei and a subsequent rapid

stage of coating onto this first layer. Some of these studies were described in the context

of biomimetic techniques (Section 2.7.2, Habibovic et al. (2002) and Barrère et al. (2004),

Section 2.7.5, Wen et al. (1999), Liu et al. (2001), Stigter et al. (2002) and Liu et al.

(2003)), whereas one of these two-stage procedures involved electrodeposition followed by

heat treatment (Section 2.7.5, Cheng et al. (2004)).

Barrère et al. (2001) used a two step procedure to produce OCP coatings on titanium.

They described their initial coating, produced after 24 h of soaking in a simulated body

fluid containing crystal growth inhibitors at 37� as

“a dense and uniform CaP film ... composed of spherical CaP globules of about

0.1 µm in diameter.”

This description, along with the SEM micrograph that they displayed of this sample, de-

pict a thicker version of the coating seen in Figure 4.18 (a). They then used this layer as

the seeding surface for the subsequent deposition of CaP from a second solution, without

the presence of crystal growth inhibitors. The morphology of the final coating produced

in the study by Barrère et al. (2001) was comprised of many delineated (OCP) crystals

rather than the continuous network of CaP with pores produced during experiments re-

ported here (Figure 4.18 (b) to (e)). This is likely to be due to the different composition

of their coating solutions when compared with the ones used in this particular study. The
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formation of the thicker OCP coating on top of the initial seeding layer was described as

a process that involves the dissolution of some of the initial CaP film and then reprecipi-

tation of the crystalline phase from the coating solution. As previous results have shown

(Sections 4.1.1.1 and 4.1.1.2), HAp was the most supersaturated phase in this study, and

therefore if a similar growth mechanism occurred to that described by Barrère et al., it

is likely that HAp would be the phase to precipitate out of any solution surrounding the

surface of the sample, thereby forming a deposit on top of the CaP layer produced during

the initial coating cycle. The evidence of increasing coating crystallinity from the TEM

and electron diffraction in this study (Section 4.1.5) supports the possibility of this growth

mechanism.

The same group of researchers involved in the Barrère et al. (2001) study, carried out

further studies on the two stage procedure (Habibovic et al. (2002) and Barrère et al.

(2004), for a summary see Section 2.7.2). In these studies, it was hypothesised that the

use of two stages in producing a coherent coating was important due to competing het-

erogeneous and homogenous nucleation of CaP in solution. The initial amorphous CaP

layer provides a surface where nucleation of ions onto the surface is energetically favoured

over precipitating into the solution. Once at their critical size, the seeds can then grow

into crystals. After a certain amount of time standing the coating solution, the CaP

supersaturation will have dropped to such an extent that the solution and the coating

are in equilibrium. At this stage, a denser and more uniform coating may be formed by

dissolution and reprecipitation of the coating (Habibovic et al., 2002). These explanations

fit in with what is seen in the changing morphologies of the coatings with varying standing

time (Figure 4.18). The difference between the coating on the sample given no matura-

tion time (Figure 4.18 (a)) and that on the sample given one hour maturation (Figure

4.18 (b)) is due to the rapid growth of the CaP seeds, which were deposited during the
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electrodeposition cycle, as the sample stands in the supersaturated coating solution. The

change in morphology of the coating in the subsequent micrographs can be put down

both to precipitation of the coating and to dissolution and reprecipitation of the existing

coating.

Effects of successive coating cycles on an initial CaP layer which had been subjected

to different standing times in solution have been displayed in Figure 4.19, Section 4.1.3.

All of these samples were also air dried. Figure 4.19 (a) shows the coating formed by

five successive coating cycles with no pause for maturation. The difference between the

sample in this micrograph and that seen in Figure 4.18 (a), is caused by the four extra

coating cycles. The thicker, granular coating produced by the extra coating cycles could

be the result of the growth of the CaP seeds deposited by the initial coating cycle. Since

the coating solution was changed for each cycle, there was no chance for equilibration

between the coating and the solution, which may have occurred if the sample had simply

been standing in solution. Therefore, there would have been a constant driving force for

the growth of the initial seeds, as OCP and HAp supersaturation remained relatively high

and base was constantly being generated by electrode reactions. This constant ‘pressure’ of

high supersaturation and readily available base, may have been the cause of the formation

of a dense granular coating rather than a more porous one.

The difference between the sample seen in Figure 4.19 (b) and Figure 4.19 (c) and the

sample seen in Figure 4.18 (b) is caused by four coating cycles on top of the initial one

that was allowed to mature for one hour. Again, the extended period of coating appears

to have made coating denser and thicker. The pores in the underlying coating may have

filled as the CaP layer continued to grow. These pores could have served as traps for the

base generated from the electrode, increasing the local supersaturation. Alternatively, the

dense layer may have grown on top of the porous layer.
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The extended period of coating after maturation of the initial coat appears to have

had the same effect when looking at the sample shown in Figure 4.19 (d). Again, the

underlying coating in this case was relatively porous in nature (Figure 4.18 (c)). In fact,

apart from coating thickness, the main difference between the coatings on samples seen

in Figure 4.19 appears to be the degree to which the coating has become fragmented and

starts to peel off the substrate. Since it was postulated that this may have been related

to the method of drying the samples, similar coating experiments were then done with an

alternative drying technique.

5.4.1.2 Critical point drying

The samples seen in Section 4.1.3, Figure 4.20 are comparable to those in Figure 4.18, the

only difference in their manufacture being the method of drying used.

In the first micrograph, virtually no coating can be seen covering the substrate. This

suggests that the critical point drying process has removed the initial layer of coating,

which was deposited during the electrodeposition cycle. As was described in the exper-

imental procedure for CPD (Section 3.5.2), the samples were first soaked in a series of

ethanol solutions for a total period of 25 minutes before being placed in the CPD appara-

tus. While in this apparatus, the samples were subject to repeated flushing and periods

of soaking in liquid CO2 for at least three hours. Although, CPD can be thought of

as a ‘gentle’ drying method due to the water in the sample being replaced gradually by

ethanol, itself then replaced by liquid carbon dioxide, the extended time period for which

the coating was resting in these solutions may have been the reason why at the end of

the process, the thin (≈ 0.5 µm) coating was no longer present. For example, the first

dehydration solution contained 70% water with no calcium or phosphate ions present and

the coating could have easily dissolved into it.
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The situation in subsequent micrographs is different, with the thicker coatings, pro-

duced by the extended soaking time in solution, surviving the drying process. Figure

3.5.2 (b) shows the LV-SEM image of the sample allowed one hour maturation before

undergoing CPD. When compared with the equivalent air-dried sample, the coating can

be seen to be similar in general morphology with a network of interlinked CaP, however

the scale of this network is much finer in the CPD sample, with more pores per unit area.

The reasons for this are that the finer, more fragile spikes of CaP are better preserved in

the case of the CPD, giving the sample the appearance of being porous. This is possible

due to the lack of any mechanical effects resulting from surface tension changes during

drying (unlike in the the case of air drying). It is this preservation effect which may have

led to the one coat samples, given maturation times of more than one hour, being thicker

than the equivalent air dried samples (as seen in Figure 4.22, Section 4.1.3.2).

The same situation is found when comparing Figures 4.18 (c) and (d) and 4.20 (c) and

(d). The critical point dried samples seem to retain more of their fine ‘skeletal’ structure

when compared with those that were air dried. Unfortunately, it is difficult to compare

the samples given 13 hours maturation due to the differing scales and image qualities of

the micrographs ( Figures 4.18 (e) and 4.20 (e)), but the CPD sample appears to have

more fine spalls of CaP covering the surface than seen on the other coating.

The sample coated for five cycles without any maturation time and which then under-

went critical point drying (Figure 4.21(a)), has a thinner and less granular coating than

the equivalent air-dried sample (Figure 4.19 (a)). This is a similar phenomenon to that

seen for the one coat samples given no maturation time and which had then undergone

CPD and is likely to have happened for the same reasons. This can be determined since

the coating seen in the one coat sample with no maturation time (Figure 4.20 (a)) can be

said to be thinner as a consequence of the CPD process and the underlying coating for
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this five-coat sample with no maturation time would have been more similar to that seen

in the air dried set (Figure 4.18 (a)).

Figure 4.21 (b) shows the result of four coating cycles on top of an initial coating given

three hours to mature in solution and is the critical point dried equivalent of Figure 4.19

(d). It is possible to see that the CPD sample is less dense and granular to that which

was air dried, with a very compacted latticework structure. Also the CPD sample had

survived the drying process much better, with less peeling. The circular shapes seen in

the coating may have been caused by build up of gasses generated at the electrode surface,

under the coating.

Figure 4.21 (c) shows the sample given five hours maturation between the initial coat

and the final four coatings. The existence of this sample is testament to the fact that the

CPD process was more gentle than air drying since the equivalent air dried sample was

too fragile to be analysed. However, large cracks were present in this particular sample

and the sample given 13 hours maturation was far too fragile to undergo any study. The

morphology of the coating in this sample can be seen to be very dense in nature. This

serves to back-up the theory that the extra coating cycles serve not only to increase coating

thickness, but also coating density as the porous regions, seen in the one coat samples,

are filled by CaP as it continues to grow under the driving force of high supersaturation

due to electrogenerated base. The granular structure of the air dried samples compared to

the CPD samples suggests that this granularity is a result of the drying process, perhaps

due to the slow release of water from the dense coatings during drying. This slow release

would give time for dissolution and reprecipitation events to take place in the absorbed

water.

When comparing the thicknesses of the five-coat samples (Figure 4.23, Section 4.1.3.2)

the air dried samples are thicker than the equivalent samples which have been critical point
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dried. This may have been due to the dissolution of the coatings during the CPD process

as discussed at the beginning of this section. It is unclear though why the same difference

is not seen in the one-coat samples with more than one hour maturation time (Figure

4.22), but it can be speculated that the preservation of the fine, porous structure of the

one-coat samples more than compensates for any thinning of the coating that occurs

during the CPD process.

5.4.2 Coating Shear strength

The results for lap shear testing carried out on the sets of samples given different matu-

ration times, numbers of coats and subjected to different drying methods were described

in Section 4.1.3.3.

5.4.2.1 One-coat samples

The plot displaying the shear strength of air-dried and critical point-dried samples that

were given different amounts of time maturing in solution (Figure 4.24), shows an in-

teresting pattern of variations, dependent on the drying method as well as the standing

time.

When considering the air dried samples, the initial relatively low shear strength, calcu-

lated for the sample given no maturation time in solution, could be said to be due to the

thin, powder-like nature of the coating (seen Figure 4.18 (a), Section 4.1.3). The sudden

doubling of the shear strength after an hour of maturation time signifies the formation

of a more coherent coating structure, able to resist the shear forces imposed upon it in a

more holistic manner. The reasons behind the subsequent decline in shear strength are

unclear, although are most likely to be due to the increasing ease with which a crack can
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form within the coating as the thickness increases. The dissolution and reprecipitation of

the coating whilst standing in solution could also gradually degrade any fixation of the

coating to the substrate. Amorphous CaP may be important in forming this bond be-

tween the coating and the stainless steel. The increase in crystallinity during this period

as seen in the TEM pictures (Figure 4.31) is also likely to make the coating more brittle in

nature. The changes in CaP structure which occur during transition from an amorphous

phase to a more crystalline one are likely to cause shrinkage in the coating structure. This

shrinkage is likely to lead to crack formation. Any leaching of ions from the stainless steel

into the coating during the extended periods of soaking could also affect matters.

At first sight, the pattern of shear strength variation with coating time for the CPD

one-coat samples appears to bear little relation to that seen for the air dried samples. On

closer inspection, it can be seen that the low initial strength of the air dried samples is

mirrored in the one-hour CPD sample and that the sudden increase in the shear strength

of the air dried sample at one hour maturation is mirrored by the CPD samples at three

hours maturation. Therefore the pattern seen for the air dried samples is shifted along for

those that underwent CPD. One possible reason for this the fact that CPD coating that

was not subjected to any maturation time was seen to have barely any coating present on

the substrate surface (as seen in Figure 4.20 (a) and discussed in Section 5.4.1). The shear

strength calculated for this sample was around 9 MPa which is similar to that measured

for the control sample that consisted of epoxy resin attached to a bare stainless steel

surface (9.1 MPa ± 80 kPa).

The top layer of all of the coatings being removed by the CPD process may account

for why the pattern of shear strengths against time is shifted along from that of the air

dried samples. In this case it would be expected that the CPD coating given one hour

in solution would appear to be the similar in surface morphology to the air dried sample
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given no maturation in solution. This is not the case, with the CPD sample (Figure 4.20

(b)) being very different to the air dried one (Figure 4.18 (a)). The CPD process may have

weakened the bond between the coating and the substrate in this case, but the evidence

for this is limited since the CPD coatings at three and five hours maturation had much

greater shear strength than the air dried coatings.

The theory is that increased crystallinity of coatings that have undergone longer mat-

uration periods leads to more brittle coatings, as backed up by the evidence of increasing

crystallinity seen by electron diffraction (Section 4.1.5). This fits in to an explanation

of the effects of CPD upon the coatings. The critical point drying process may prevent

this increase in crystallinity by removing absorbed water more rapidly from the coatings

than in the air drying process. In turn, this would prevent further crystallisation within

the coatings since the presence of water is important for the transition of the CaP phases

to more crystalline ones. At the same time that the CPD process delayed an increase in

crystallinity, the increase in thickness of the coatings with maturation time may have led

to the formation of coatings that were able to dissipate the effects of a shear force through

their structure better. The fact that CPD coatings had a better preserved microstruc-

ture than those samples which were air dried could have allowed for shear forces to be

distributed better through the coating structure, preventing stress concentrations.

When comparing the shear strength with coating thickness for the one-coat samples

(Figure 4.25) there is not much that can be concluded from the points relating to those

samples which had been air dried . The coating shear strength is relatively low when the

coating is thin (≈ 0.5 µm) or when it is thicker (≈ 5 µm). Shear strength seem to be

highest at an intermediate thickness (≈ 3.5 µm). The reasons for the changes in the shear

strength of these coatings have already been discussed in the context of maturation time.

The lack of any definite relationship between shear strength and coating thickness here
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implies that the effects seen with relation to altering the standing time in solution are not

related simply to the changes in coating thickness which also occur during maturation.

For the CPD samples, there is a high shear strength for the thinnest coating tested, as

discussed previously, this is because there was very little coating present on this sample

and as a result the shear strength recorded was the same as for the control sample (≈

9 MPa). After this initial point, there are a series of points which suggest an increase

in shear strength as the coating thickness increases from around 3.5 µm to around 6.5

µm. This could be taken as an indication that the shear stresses are distributed more

effectively in the thicker coatings produced by CPD. It has already been noted that the

coating microstructure of these samples was well preserved when compared with the air

dried samples and speculated that this structure would help to distribute stresses during

mechanical testing.

5.4.2.2 Five-coat samples

As stated previously, there were only three air dried and four critical point dried five-coat

samples which could be analysed. This was due to the cracking and degradation that

occurred in the samples given long maturation periods in solution.

The slight increase in the shear strength of the air dried samples between zero and

three hours maturation goes against the trend of decreasing strength due to cracking and

peeling. There is a possibility that this increased strength is simply due to epoxy getting

into the cracks that had formed in the coating, thereby increasing the strength of bonding

between the sample and the blank.

The shear strength of the CPD coatings remains relatively high, with no reduction in

coating strength, even with three hours standing in solution. This helps to confirm the

hypothesis that the CPD process is much more gentle, preserving the coating microstruc-
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ture and any bond between coating and substrate better than the air drying method.

The decline in shear strength at 5 hours maturation is a sign of the cracking and peeling

seen in the micrographs of these coatings (Figure 4.21). The fact that this drying method

cannot prevent such cracking may be due to a number of reasons.

� The dehydration experienced, as the samples are put through solutions of increasing

ethanol concentration, may still be too fast to maintain the integrity of the coating.

� The thicker coatings produced through longer periods of maturation may be prone

to differing rates of dehydration from different areas, leading to stresses within the

coatings.

� The change in phase of CaP may change the coating volume, also leading to stresses

in the structure.

When comparing the shear strength with coating thickness for the five coat samples

(Figure 4.27), there appears to be relatively constant shear strength with coating thickness

for the air dried samples. For those coatings which underwent the CPD process, there

is a decrease in shear strength with increasing thickness until the last data point (≈ 8

µm) where the strength rises. The difficulty in describing a trend in this case shows that

coating thickness was not the most important factor in determining coating shear strength

for the five-coat CPD samples.
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5.5 Investigation into Lap shear fracture surfaces us-

ing SEM

LV-SEM micrographs of the of the fracture surfaces from some of the air dried one-coat

samples were displayed in Section 4.1.4.

The micrographs of the surfaces of the blanks post-fracture (Figure 4.28) have one

main aspect in common. This is the imprint of grain boundaries, which existed on the

stainless steel making up the substrate of the coated samples, that can be seen in all of

the images. This is unsurprising in one respect, as any coating that was present on the

samples would be expected to conform to the shape of the substrate. However, on closer

inspection of the micrographs for both the sample given one hour maturation and for

that which was given three hours maturation (Figure 4.28 (a) to (d)), rather than the

these imprints appearing to be a part of the coatings ripped off the substrate, the main

material appears to be epoxy resin. In fact, the only remnants of CaP seems to be the

‘white’ flecks that can be seen on the smooth material between the grain impressions.

Any bulk of coating that had been pulled off would not have been expected to be as dense

in nature or as smooth as that which is seen as dark areas in these micrographs.

The main reason for this is likely to be that the epoxy had penetrated the entire

structure of the coatings, even down to the level of the substrate. The pressure exerted

on the lap joint, as it was clamped in a vice during the setting of the resin, would have

served to aid this penetration. If this is true, then perhaps rather than the lap shear

tests being used to determine the shear strength of a CaP coating, they would actually

have been recording the strength of a CaP-epoxy composite. From the lap-shear results

already described and discussed, it is clear the the shear strengths of these samples was

not nearly that of the epoxy control alone. Also, it would have been expected that the
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thinnest coatings (those with least maturation) would always be the strongest if the shear

strength was related to the epoxy penetration. These conflicting arguments could be

resolved if it were the case that the penetration of the epoxy and the incorporation of

the CaP structure into this resin, somehow led to the weakening of any potential bonding

between the epoxy and the substrate.

The pull-off from the sample given 13 hours standing time after coating (Figure 4.28

(e) and (f)), appears to represent the underside of a CaP coating more than that which

was seen for the first two samples. Firstly the raised grain boundary imprints are smoother

than those seen in the other micrographs and secondly, the area between these ridges can

be seen to be pitted. This suggests that this surface is made up of a softer material. The

epoxy resin used during the lap-shear test is less likely to have been able to penetrate

through the coating in this case as it was thicker.

The reasons for the appearance of the surfaces of the samples that had been coated

prior to shear testing (Figure 4.30) are perhaps more straight forward to determine. When

looking at all four of the micrographs in this figure, it is possible to see that more coating

debris remains in the samples given a longer maturation time. This implies that the the

actual structure of the coating failed during lap shear testing as well as any failure in the

bonding between coating and substrate. This may have lead to the gradual decline in

shear strength of the coatings that was seen, as the coating as well as the bond to the

substrate degraded. The pits that were seen in the final micrograph of the previous figure

discussed (Figure 4.28), can be seen to have probably been formed by the removal of lumps

of material from the underside of the coating which then remained on the substrate. This

could be a sign that the coatings became more brittle in nature as the maturation time

increased.
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5.5.1 Mechanism of Adhesion

When discussing the adhesion of coatings produced by electrodeposition, the exact mecha-

nisms involved will depend on the combination of a number of factors including the coating

conditions, the chemistry and surface microstructure of the substrate and the chemistry

and structure of the material being deposited. Post-deposition treatments such as calcin-

ing or drying method are also likely to be important. A summary of the mechanisms of

coating adhesion was given in Section 2.7.4.

In the series of experiments described in this thesis it is still not clear what the exact

mechanism of adhesion is. There will certainly be a component of mechanical interlocking

as the steel surfaces of the lap-shear sample substrates had physical features such as the

grain boundaries seen in SEM micrographs (Section 4.1.3). When looking at the underside

of coatings that have been pulled off samples during lap-shear testing (Figure 4.28 (a) to

(f)) the imprint can be seen of the topography of the substrate to which the coating had

been attached before fracture. This is evidence to support the presence of mechanical

interlocking.

There is no evidence for or against other adhesion mechanisms being important for

these samples, or whether these mechanisms might alter as a result of maturation time

in solution. When considering the X-ray diffraction scans of the samples (Section 4.1.1.3)

there is no visible change in the signal from the steel substrate as the samples undergo

maturation, however, any formation of a very thin layer of compounds such as Na4CrO4

would be extremely difficult to detect when using this particular method.

The lack of obvious chemical changes in the substrate does not rule out the presence

of the van der Waals interactions which could act between the CaP and the steel. Al-

though these are generally weak in nature when compared to other intermolecular forces,
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the action of these forces over a large area combined with mechanical interlocking could

account for the adhesion observed.

5.6 Effect of maturation time on coating crystallinity

Electron diffraction. The description and figure in the relevant section of the results

(Section 4.1.5) depict how the TEM imaging and electron diffraction patterns of the coat-

ings grown onto grids show the increasing crystallinity of these coatings with maturation

time.

The initial amorphous layer seen in Figure 4.31 (a) is what was speculated to exist as

the initial layer formed by the electrodeposition procedure. This also links together with

the model suggested by Barrère et al. (2001), which was discussed in Section 5.4.1.1. The

subsequent changes in coating morphology and crystallinity during the time standing in

coating solution are therefore likely to be due to a similar dissolution and reprecipitation

mechanism.

As has been mentioned, particulary with reference to the lap-shear strength of the

coatings, the increased crystallinity seen in the coatings exposed to the coating solution

for a long time period, could be a reason for an increase in coating brittleness. The

pictures seen in Figure 4.31 partly confirm this theory.

The thickness of the coatings given longer maturations in solution meant that diffrac-

tion patterns and images could only be recorded at the edge of the samples. It is unclear

whether this led to different results to what may have been found for the bulk of the

coating material.

After five hours maturation in solution the calculated lattice dimensions of a = 9.53

Å and c = 6.87 Å correlate very closely to the standard dimensions calculated by Kay
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et al. (1964) (a = 9.423 Å and c = 6.881 Å). The difference between these calculated

dimensions and the standard are 1% for the a dimension and 0.1% for the c dimension.

This indicates the formation of HAp.

XRD. X-ray diffraction results (Section 4.1.1.3) have already been discussed in Section

5.2 in the context of identifying the phase of CaP which precipitated and in calculating

the crystallite size and orientation within the coatings. Using these scans to support

the electron diffraction results in showing an increase in crystallinity with increase in

maturation time is not straightforward. This is mainly because of the small signal to noise

ratio and the low signal from the coatings when compared to that from the substrate.

Methods exist of determining crystallinity from the ratio of peak areas to the ratio of

amorphous areas, however, in the case of such low signal size from the relatively thin

coatings, it is difficult to accurately determine peak area or to determine where the area

of amorphous signal to be measured is located in the scans.

Since a diffraction pattern from a very crystalline substance with large crystallites will

have sharp, defined peaks, perhaps a subjective comparison can be made of the ‘sharpness’

of the peaks in the samples given different maturation times. However, in many scans, the

only peaks which appear to be made up of a single reflection rather than the overlapping

of two or more reflections are the (002) and (004) peaks. For example, in the scan of a

thick coating shown in Figure 4.6, the (211) peak can be seen to be overlapping with the

(300) and the (202) peaks. The broad appearance of the (211) peak in scans of the thinner

coatings is likely to be for the same reason. The fact that these peaks are overlapping

in such a way, unlike in the standard reference scan shown in Figure 4.5, shows that the

coating is not as crystalline as the reference material but this difference in crystallinity

cannot be quantified due to problems already described with the scans of the thin coatings.
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As described previously (Section 5.2), it can be safely concluded that the scan shown

in Figure 4.6 is that of poorly crystalline, rather than highly crystalline, HAp. The lack of

many distinguishable, separated peaks in the scans in Figures 4.8 to 4.15 may suggest that

these coatings are also poorly crystalline when compared to the standard reference, but

the relative differences between the crystallinity of the coatings with changing maturation

time cannot be determined using these XRD results alone.

5.7 Schema for the mechanism of deposition

Using the information presented in the literature review (Section 2.7.3) along with the

results and discussion presented in this study, a clearer description of the electrodeposition

process used can now be given. Much of this is speculative, however, as many of the

actual mechanisms involved in both electrophoretic and electrolytic deposition are yet to

be determined.

In order to gain insight into the processes taking place in these particular experiments,

a distinction needs to be made between:

(i). The first coating cycle.

(ii). Maturation of the coating when standing in solution after electrodeposition has

ceased.

(iii). Subsequent coating cycles on top of the initial coat.

(iv). Coating carried out with relatively high solution concentrations, as in the manufac-

ture of the sample described in Section 4.1.2.
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First coating. A high differential pH between solution surrounding the cathodic sub-

strate and solution a short distance away (the bulk of the solution) is created mainly by

the reduction of water and dissolved oxygen (Equations 2.24 and 2.25, Section 2.7.3.1).

This pH differential is maintained with the aid of the HEPES buffer in the coating solu-

tions, as seen in the work of Ban and Maruno (1999) (described in Sections 2.7.3.2 and

2.7.3.3). Positively charged electrolytes (such as K+ ions) will be present close to the

electrode in higher concentrations than in the bulk solution. This combination of high pH

and high electrolyte concentration will raise the supersaturation of HAp and any precursor

phases in this volume of solution. In turn, this will increase the likelihood of aggrega-

tion of molecular clusters to form critical nucleating clusters in solution or alternatively,

nucleating seeds will form through heterogeneous mechanisms on the cathodic substrate

surface. Once critical clusters are present on the metal surface, spontaneous growth can

occur through transport of ions from the bulk solution. At the same time as this CaP

seed growth is starting, electrolytic mechanisms will continue to lead to particle floccu-

lation in solution and subsequent deposit formation on the surface. After 20 minutes of

coating, there is a thin layer of coating growing on the metal surface and occasional flecks

of flocculated particular debris, as seen in the SEM micrograph (Figure 4.18 (a), Section

4.1.3).

Maturation of the initial coating. During maturation, the processes described in

the work of Barrère et al. and previously discussed in Section 5.4.1.1 become relevant.

The initial pre-layer of CaP deposited during the electrodeposition cycle becomes an

important substrate for growth of a thicker, more crystalline layer through dissolution

and crystal regrowth processes. This occurs as the supersaturation of CaP phases in the

solution drops, resulting in a shift in the equilibrium between the solution and the pre-
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layer. The resulting HAp coating becomes more crystalline with increasing maturation

time (discussed in Section 5.6) and shows a preferred orientation with the crystal c-axis

growing perpendicular to the plane of the sample surface (as seen in the increased relative

002 and 004 peak areas in Figures 4.9 to 4.12 in Section 4.1.1.3). SEM micrographs of

these samples can be seen in Figure 4.18 (b) to (e), Section 4.1.3.

Subsequent coating cycles. The schema is here divided into those coating cycles

carried out on top of an initial coating which has not had time to mature and those cycles

onto coatings which have undergone various periods of maturation (maturation procedure

explained in Section 3.7).

After no maturation time. Following the initial coating cycle, immediate replen-

ishment of the coating solutions and reinstatement of the potential difference between the

electrodes allows for conditions of high supersaturation around the cathode to be main-

tained. As a result, the process of particle flocculation and deposition will continue along

with growth of nuclei already on the substrate surface. Since the coating and solution

are not given time to equilibrate, the fine, porous structure that is observed in coatings

given the maturation time period (see above) does not have the opportunity to form. The

resulting coating is dense and granular as seen in the SEM micrograph (Figure 4.19 (a),

Section 4.1.3). The XRD scan of this sample (Figure 4.13, Section 4.1.1.3) only shows the

signal from the substrate along with the HAp 202 peak and a reflection from an unknown

substance.

After maturation of the initial coating. In this case the substrate onto which

CaP is being coated is the fine, ‘cellular’ structure seen in the SEM micrographs of the

one-coat samples which have been given maturation time (Figure 4.18 (b) to (e), Section
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4.1.3). Rather than a continuation of the dissolution and reprecipitation mechanism

which is assumed to be taking place during maturation, the replenished coating solution

and renewed electric potential mean that solution supersaturation in the vicinity of the

sample will be high. Electrolytic mechanisms will also be taking place, leading to particle

growth through flocculation. It is possible that the cells in the coating will be sites where

the pH increases the most as hydroxyl ions generated at the metal surface become trapped

leading to precipitation of CaP and a plugging of the spaces in the coating. The resulting

coatings are dense and granular (Figure 4.19 (b) to (d), Figure 4.21 (b) and (c)) and

appear to show less defined HAp XRD spectra (Figures 4.14 and 4.15, Section 4.1.1.3)

than seen in scans performed on one-coat samples (Figures 4.9 to 4.12).

Coatings deposited with high solution concentrations. As described previously, a

coating of approximately 20 µm in thickness was manufactured using the method described

in Section 3.6. The coating concentrations used were 6.25 mmol/l Ca2+ and 3.75 mmol/l

PO3−
4 ions. Upon mixing of these solutions, a thick white precipitate formed immediately.

When coating in these conditions, the mechanism is electrophoretic deposition (described

in Section 2.7.3.1). Because of this, the resulting coating was powdery with poor adhesion

to the substrate as it was formed through the electrophoretic motion of the CaP particles

that simply combined into a powder compact on the substrate surface.

5.8 Liposomes

This discussion now turns to the area of the experiments to do with liposomes and the

molecules to be entrapped within them.
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5.8.1 Calcein calibration

It is sometimes stated that calcein does not interact with calcium ions at neutral pH

(Allen, 1984). The fact that the original use of calcein was as a fluorescent marker for

calcium titrations and quantity determination, albeit at alkaline pH, (Diel and Ellingboe,

1956; Wallach et al., 1959) led to some suspicion that this might not be the case. In

the results (Section 4.2.1), it can be seen that the interaction of Ca2+ and PO3−
4 ions

with calcein at pH 7.4 led to a reduction in the rate at which the relative fluorescence

of the molecule increased with concentration (Figure 4.32). According to Allen (1984),

the transition metals quench calcein fluorescence at neutral pH whereas the alkaline earth

metals increase calcein fluorescence at alkaline pH. So it is not clear whether any possible

interaction with calcium ions at neutral pH would be expected to cause either a rise or

fall in calcein fluorescence. Perhaps the pH rather than the type of ion interacting with

the calcein molecule is the deciding factor.

5.8.2 Method of manufacture

As described in Section 2.8.2, the method of Gruner et al. (1985) to produce SPLVs was

determined to be especially effective at producing stable liposomes due to the evenly dis-

tributed nature of the solutes between the compartments in these multilamellar vesicles.

Because of this stability, as well as the need to only use a small volume of the poten-

tially expensive solutes which were to be entrapped, it was decided that this method was

advantageous when compared to the MLV manufacture of New (1996).

The lack of any post manufacture procedure to homogenise the population size of the

liposomes led to the wide range of vesicle diameters seen in Figure 4.33. In hindsight, a

more standardised population of liposomes may have been preferable but the expense and
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complications of post-processing prevented this from happening.

5.8.3 Entrapment efficiency

The problems of low entrapment efficiency (EE) were very difficult and time consuming

to overcome. The achievement of a high percentage EE was found to be dependent on

a large number of factors working well together during the manufacturing process of the

liposomes.

The first EE results of below 1% were achieved using the standard cheap form of egg

phosphatidylcholine (EPC), which came in a solid form and was designated as only 60%

pure. The fact that 40% of the phospholipid membrane was made up of impurities was

very likely to affect its structure and therefore permeability.

Oxidation of the lipids was also a problem. The required amount of lipid had to be

cut off a larger lump and then dissolved into chloroform solution. This involved long

periods of exposure to oxygen in the air. Grit and Crommelin (1993) described how the

oxidative degradation of liposomal phospholipids could be reduced by the use of high

quality raw materials, preparation under an oxygen free atmosphere and the addition of

antioxidant molecules. As stated before (Section 2.8.2), the molecule α-tocopherol can

be added to the phospholipid preparation and has been shown to reduce lipid oxidation

as well as reducing bilayer permeability (Halks-Miller et al., 1985; Kulkarni et al., 1995).

The first steps in increasing the EE in this study included using much purer phospholipid

preparations which were predissolved in chloroform and packaged under argon. Also, α-

tocopherol was then added to molecular percentage of 4%. Along with these measures,

30 molecular % of cholesterol was added in order to reduce membrane permeability (as in

experiments by Corvera et al. (1992)).
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Apart from altering the materials from which the liposomes were made, the environ-

ment in which they were manufactured and stored was also changed in order to improve

the EE. A rigourous glass washing regime was instigated which involved prewashing in

special detergent (Decon, East Sussex) before overnight soaking in a base bath made up

of saturated NaOH in isopropyl alcohol. After rinsing in pure water (BDH AnalaR, UK),

the glassware was then washed in concentrated nitric acid followed by further rinses in

pure water. Solutions made from AnalaR water were then degassed in an attempt to

reduce any oxidation from dissolved O2.

The destructive forces of the effects of osmosis also had to be countered. This meant

careful balancing of the total solute concentration inside and outside of the liposomes.

This prevented water from flowing out of the vesicles causing collapse or into the vesicles,

causing rupture. Other factors which served to aid in the improvement in EE were a

reduction in both the centrifugation time and speed in the washing procedure in the

manufacture of the SPLVs (described in Section 3.8.2), when compared to that used in

the original method (Gruner et al., 1985).

According to Lasic (1998), because of the complicated interplay of so many different

factors including the structure of the lipids and factors related to the chemical to be

entrapped, in industrial settings, generally 20-35% EE is all that can be obtained.

The result of all the efforts in this study was that the EE eventually rose to around

8%.

5.8.4 Calcein release from coated and uncoated liposomes

Figure 4.35 shows the difference between the percentage release of calcein over time for

CaP coated and uncoated liposomes. There are two possible reasons for the increased
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release of entrapped marker from the coated liposomes at the later time periods.

1. The presence of calcium and phosphate, either as ions in solution or in the form of

CaP on the liposomal membranes, increased the permeability of these membranes

to calcein.

2. The same presence of calcium and phosphate, either as ions in solution or in the form

of CaP on the liposomal membranes, was responsible for disrupting the structure of

the liposomes and causing them to release their contents.

From the results of previous work done on CaP coated liposomes that were coated

using the same technique by Pongsaanutin (2002), along with the information about the

increasing crystallinity of the CaP phases as they transform into HAp in coating solutions

of similar concentration and supersaturation, (Sections 4.1.5 and 5.6) the second of these

suggested mechanisms is by far the most likely. As was described by Pongsaanutin (2002)

and summarised previously in Section 2.9, the combination of repulsions between adsorbed

Ca2+ ions on the surface of the phospholipid molecules and the growth of crystalline

HAp particles into the membrane, eventually leads to disruption of the membranes of

the liposome. The continued growth and crystallisation of CaP during extended periods

of being exposed to calcium phosphate coating solutions has already been shown in this

study. It is quite likely that although the substrate in this case is the surface of a liposomal

membrane rather than a sheet of stainless steel, a similar maturation process is occurring.

This obviously has implications in the context of the stability of any CaP-coated

liposome if it were to be incorporated into a coating. The environment in that particular

scenario would be very different to that found when standing in coating solution. The

immediate surroundings of any liposomes in this context would be the structure of the

calcium phosphate coating which would also mature into more crystalline forms of CaP
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in the presence of water, especially in the case of further coating cycles occurring in order

to build up a thick coating layer. Disruption of the structure of the liposome would be

very likely in these cases, releasing any entrapped contents prematurely.

Theoretically it is possible to determine whether the release of entrapped contents

from a population of liposomes is a result of diffusion or disruption by using the pro-

file of release. This is possible due to the self quenching properties of calcein at high

concentrations. However, it requires a good degree of accuracy in order to monitor the

change in a particular coefficient, calculated in turn from a curve of residual calcein flu-

orescence within the liposomes. The accuracy required for such a complex sequence of

measurements is outside the scope of the equipment and methods available in this case.

As can be seen in the graph of calcein release (Figure 4.35), the errors in both method and

measurement led to values which were sometimes negative and sometimes greater than

100% being recorded for the percentage release. This highlights the potential degrees of

inaccuracy in measuring anything more subtle than simple release over time.

The fact that no significant release of calcein was seen during the first 116 hours of

the experiment for the uncoated liposomes implies that the SPLVs were relatively stable

with no adverse effects, such as high osmotic gradients or contamination of the solutions

with enzymes, affecting them.

5.8.5 Studies on gentamicin

The procedures found in the literature for determination of gentamicin concentration vary

widely in methodology from various immunoassay techniques to chromatographic methods

(Frutos et al., 2000). These are often complex, use hazardous chemicals (Lewis and Janna,

2004), are expensive or simply impractical when monitoring release from liposomes as they
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require a high temperature step (Frutos et al., 2000). In their paper on their gentamicin

quantification method, which involves using ninhydrin as a derivatising agent, Frutos et al.

(2000) state that an indirect spectrophotometric method is necessary because gentamicin

poorly absorbs ultraviolet and visible light.

In this study however, the simple technique of determining gentamicin concentration

through fluorescence spectrophotometry was shown to be effective for the concentrations

used (Section 4.2.2.2). The technique was shown to be reliable by producing consistent

calibration curves, which can be seen in Figure 4.36. The examples of a gentamicin

scans (Figure 4.37) show the three peaks detected at low concentrations (Scan (1)) which

possibly relate to the three isomers of gentamicin that were stated as existing in the

specifications of the product. At higher concentrations these separate peaks could no

longer be observed (Scan (2)).

A graph of the results of a simple release experiment carried out in uncoated SPLVs

can be seen in Figure 4.38 with significant release being seen after just 19 hours. The

make up and manufacture of the liposome vesicles themselves was the same as for those

used in the calcein studies. Again, steps were taken to balance to the osmolarity of the

contents of the liposomes with the surrounding buffer to prevent osmotic damage.

In this study, after 25 hours, between 40 to 70 percent of the original entrapped

gentamicin had escaped from the liposomes (Figure 4.38). It would appear that this is

much more rapid than the ideal. It is often thought that the antibiotic release profile

which is likely to be most effective in preventing infection in a clinical context is a long,

sustained release over several days or even weeks. In that case, a balance would need

to be met between a release rate which is high enough to prevent growth of pathogenic

bacteria and release over a long enough period for the immune defences to take over in

the area traumatised by surgery. However, a review undertaken on behalf of the NHS
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by Glenny and Song (1999) concludes otherwise. Their review of research relating to the

effectiveness of antibiotic prophylaxis in total hip replacement surgery, concluded that use

of antibiotics for more than one day post-operatively shows no extra benefits in reducing

infection. In fact, they suggest that long courses of antibiotics would be undesirable for

a number of reasons including cost, toxicity and increased chance of antibiotic resistance

developing in the bacteria after sustained exposure.

In light of the above facts, perhaps a short, high-dose release of antibiotic would not

be a disadvantage. However, a longer release profile is likely to be preferable for bone

growth factors. These have been shown to induce more favourable traits in osteoblast cell

populations with longer exposure periods (Puleo, 1997) and should be released over the

whole period of bone growth around the implant (weeks rather than days).

5.9 Composite coatings

5.9.1 Effect of the liposomes upon coating solutions

The graphs of phase supersaturation during the electrodeposition of CaP with and without

liposomes present (Figure 4.39, Section 4.3.1), are revealing in that they show a definite

modulation in the change in supersaturation of the phases monitored.

Previous work by Pongsaanutin (2002) has found that introducing liposomes into coat-

ing solutions delayed the formation of any crystalline HAp and that the end product of the

electrodeposition procedure consisted of poorly crystalline HAp containing some organic

material. It is unclear whether the slowed decline in HAp supersaturation in this case

(Graph 1, Figure 4.39) shows agreement with the findings of Pongsaanutin as the overall

reduction in HAp supersaturation over the coating period is similar with and without
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liposomes present, it is the profile of this change which is modulated.

It should be noted that in this set of experiments, the starting coating solution was

relatively high (Ca2+ concentration 6.25 mmol/l) and the instant formation of amorphous

CaP in the form of precipitation would have preceded the start of the solution monitoring

in the experiment. The reduction in the initial rate of drop in supersaturation of HAp

was possibly caused by the liposomes interfering with the normal homogenous nucleation

process, which would have occurred in their absence. The presence of the liposomes, which

may have acted as heterogenous seeds would have added a further competing factor in

the battle between heterogenous and homogenous nucleation (as described by Habibovic

et al. (2002)). This competition may have slowed the down the precipitation of HAp from

solution as the liposomes were limited in number in comparison with the CaP seeds in

solution.

Another factor that may have been affected by the addition of liposomes, is the rate at

which base could be generated at the cathode due to alterations in the electrical properties

of the solution.

5.9.2 Manufacture of composite coatings

As mentioned previously, studies on the production of composite coatings have been

carried out by Pongsaanutin (2002). The vesicles used in that particular study were

not used in order to entrap any marker molecule which could then be trapped within the

coating. The fact that organic material was found in the composite coating manufactured

by Pongsaanutin implied that the liposomes were incorporated to some extent in the

coating structure. It is not clear however if the vesicles survived intact.

The experiment carried out in this study (Section 3.10) aimed to use CaP-coated
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liposomes that incorporated the marker molecule calcein. This was done in order to see

whether the calcein was incorporated into the coating and whether this incorporation was

inside intact vesicles.

The samples manufactured using the calcein containing liposomes had a yellow colour-

ing to the coating as opposed to the white seen in the absence of these liposomes. Since

calcein at neutral pH has a orange/yellow colour this implies that some of the chemical

was at least incorporated in some way.

Since no methods existed for drying the coatings without destroying the liposomes

(use of ethanol in CPD) or exposing them to oxygen (air dying), attempts were initially

made to add the sugar trehalose to the liposomes and the buffers used and freeze dry the

coatings. This sugar has proved successful in many studies in order to preserve membrane

structures during freeze drying (Madden et al., 1985; Crowe et al., 1986; 1988; 1998;

Hincha et al., 2002). The sugar prevents the fusion of liposomes that is normally seen

during drying. The fusion and resulting leakage of contents is prevented as the vesicles are

embedded in a matrix of trehalose (Crowe et al., 1988). During drying, there is usually a

transition between the liquid crystalline phase of the phospholipids to a gel phase. The

vesicles become leaky during this phase transition. Trehalose suppresses this transition

so that the lipids remain in liquid crystalline phase even when water molecules have been

removed (Madden et al., 1985; Crowe et al., 1988).

In the experiment presented in this study, which tested whether the calcein entrapped

before freeze-drying was still present after drying and rehydration, over 90% of the contents

had escaped from the vesicles. The reasons for this are unclear. It may be that the

concentration of trehalose (100 mmol/l) was too low to afford protection. Madden et al.

(1985) found that a trehalose concentration of 125 mmol/l was necessary to prevent major

structural changes to the liposomes during drying and rehydration, whereas Crowe et al.
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(1986) stated that the mass ratio of carbohydrate:lipid is the most important parameter

determining success. The maximum retention of liposomes was found to occur above

approximately 1 g of trehalose to 1 g of lipid. In the experiment in this study, more than

3 g of trehalose was added for each gram of lipid, so the escape of vesicle contents was

not caused by a low quantity of the sugar.

Freeze-drying of the coatings caused them to crack and flake away from the substrate

(Section 4.3.2.3). The most likely explanation for this is the differing coefficients of thermal

expansion of TiAl(6%)V(4%) alloy and the CaP coating. When the samples were cooled

to -35�, the alloy would have contracted to a much greater degree than the coating,

leading to the cracking that was observed.

As freeze-drying had proved unsuccessful, the samples were presented within a mild

calcifying solution in order to prevent any bulk dissolution of the coating.

5.9.2.1 Expectations of composite coatings

It was hoped that the liposomes present in the coating would behave as they do in so-

lution and entrap their contents in discrete ‘packets’ which are gradually released with

time. Unfortunately the loss of these samples by the orthopaedics company hinders much

further discussion on the matter. However, as stated previously (Section 5.8.4), it can

be speculated that results comparing release of calcein from coated and uncoated lipo-

somes (Section 4.2.2.1) has implications in the context of the stability of any CaP-coated

liposome if it were to be incorporated into a coating. Maturation of this coating around

the liposomes would lead to more crystalline structures, able to disrupt the membranes.

Because of this, alternatives to liposomes such as block copolymers should perhaps be

considered for any drug delivery role as they may be more resistant to this disruption.
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Conclusions

This chapter represents the final, summarised outcome of this study. The initial aims of

this project were to look at three separate areas:

1. Coatings. To look at effects such as maturation time and drying conditions on the

strength, thickness and microstructure of the coatings produced, as well as trying

to draw conclusions from monitoring of coating solution supersaturation.

2. Liposomes. To study the entrapment of chemicals into these vesicles and their

subsequent release. Comparing CaP-coated and uncoated liposomes.

3. Composite coatings. To manufacture a composite coating which incorporates marker

molecules, the release of which can be studied.

The main conclusions were as follows:
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6.1 Coatings

6.1.1 Supersaturation

Of the phases monitored during electrodeposition, hydroxyapatite was found to be the

most supersaturated, followed by octacalcium phosphate (OCP) and then dicalcium phos-

phate dihydrate (DCPD), which was undersaturated. Altering initial calcium and phos-

phate concentrations of the coating solution did not necessarily alter initial supersatura-

tions of the CaP phases in a predictable way, due to precipitate forming in solution. The

drop in supersaturation of the HAp and OCP over the 20 minute coating period increased

when the initial concentration of the coating solution was increased. Consideration should

be given to the fact that supersaturation is a value calculated from measurements taken

in the bulk of the coating solution rather than at the electrode surfaces.

6.1.2 Coating mechanism

The initial coating cycle allowed the formation of a thin amorphous layer of CaP, which

then acts as a seeding site for subsequent coating growth. One hour or more of maturation

time in solution after one 20 minute electrodeposition cycle led to a drastic change in

coating surface morphology when compared to samples prepared without this maturation

period. The coating thickness of these samples also increases by approximately ten times

during the first three hours of maturation. For samples coated with a single coating cycle,

electron diffraction studies showed and increase in crystallinity of a the coating with

maturation time, which is likely to be due to to dissolution and reprecipitation of CaP.

Four extra coating cycles on top of the matured CaP layer served to increase the observed

density of the coatings through continued exposure to high solution supersaturation. The
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mechanism of electrodeposition at starting solution concentrations of 4 mmol/l Ca2+ and

2.4 mmol/l PO3−
4 ions and below is likely to be predominantly electrolytic in nature.

A CaP coating of approximately 20 µm in thickness was produced onto an orthopaedic

Ti(6%)Al(4%)V alloy substrate by repeated electrodeposition cycles under high calcium

and phosphate concentration coating conditions. The deposition mechanism in this case

was electrophoretic.

6.1.3 Characterisation

X-ray diffraction analysis revealed that the coating was made up of poorly crystalline HAp

with a preferred orientation of crystallites with their c-axis perpendicular to the substrate.

The HAp crystallites were found to be tablet-shaped with dimensions of a = 136 nm

b = 34 nm and c = 43 nm. XRD of the samples coated for one cycle and then given time

to mature in solution suggested that the preferred HAp coating orientation perpendicular

to the c-axis became more pronounced with increasing maturation time.

Critical point drying (CPD) of the samples led to the removal of some of the coating

material at the same time as protecting the microstructure of the coatings. The lap-shear

strength of the air dried sample coated for one cycle, doubled after an hour of maturation

in solution. The shear strength of the air dried samples, coated a multiple number of

times with maturation, remained relatively constant until a weakening of the coatings

took place and the coatings started to peel. A similar pattern was seen for the CPD set.

The shear strength of the CPD samples given one coating cycle was found to be generally

higher than for the air dried samples, possibly due to protected microstructure. However,

electron microscopy revealed that the main material on the pull-off (uncoated blank) side

of the lap joint, for the majority of samples, appeared to be epoxy resin. This resin may
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have penetrated through the entire coating layer and down to the substrate before setting.

There was no clear relationship between coating thickness and shear strength.

6.2 Liposome studies

Calcium and phosphate ions in solution were found to interact with the fluorescent marker

molecule calcein, reducing the rate of increase in fluorescence intensity with increasing

concentration. Entrapment efficiencies of around 8% were achieved after readjustment

of the equipment and other materials used in the manufacture of stable plurilamellar

vesicles (SPLVs). A higher percentage of calcein was released from liposomes coated in

CaP phases than from uncoated vesicles when incubated for more than 70 hours at 37�.

This was probably due to the growth of crystalline HAp particles on the surface of the

liposomes, which eventually disrupt their membrane structure (Pongsaanutin, 2002). A

simple technique of concentration determination was used to determine that the antibiotic

gentamicin was successfully incorporated into SPLVs. Gentamicin release was monitored

as it released over time at 37�, where up to 70% of the antibiotic had escaped after 25 h.

Experiments which attempted to use the sugar trehalose to preserve liposomes dur-

ing free-drying and rehydration were unsuccessful, with over 90% of the vesicle contents

released during the process.

6.3 Composite coatings

The addition of CaP-coated SPLVs to the coating solutions during the electrodeposition

process modulated the drop in HAp and OCP supersaturation and the increase in DCPD

saturation over the coating period. The initial rate at which the supersaturation of HAp
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fell was lower with the liposomes present, although the total reduction in supersaturation

over the entire coating period (20 min) was similar.

Coatings were manufactured with the addition of CaP-coated liposomes containing

calcein and trehalose. Coatings had a yellow-orange colouration, indicative of calcein.

Freeze-drying of the coatings was unsuccessful, with the dried coatings cracking and form-

ing spalls.

6.4 General conclusions

When considering electrodeposited coatings, the results of these studies show the impor-

tance of some of the factors involved after the electric field has been turned off. This is

especially true in the case of allowing the coatings time to mature in solution. Longer

maturation times lead to alterations in structure and crystallinity that could be used in

tailoring coatings to specified requirements. Drying method is also important, with shear

strength studies showing that, when comparing to air drying, critical point drying appears

to increase the shear strength of samples in some cases (such as samples given one coating

cycle) and reduces the shear strength of samples in others (those given four coatings on

top of this initial layer). Careful examination of the the lap-shear method is also needed,

as epoxy resins appear to readily infiltrate into porous coating structures.

The increased release of entrapped molecules from coated populations of liposomes

compared to uncoated populations after a certain time period, shows that in the context

of incorporating potential drug delivery devices into a coating structure, a great deal of

information about changes in the structure with time of that coating may be needed, as

these changes are likely to directly influence the potential effectiveness of these devices.
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Further work

The study described here leads to many further possibilities for work in this area. This

work may take the form of:

� Further investigation into the effects of maturation time on coating structure and

crystallinity.

– Assessment of changes in coating solution phase supersaturation during the

maturation period.

– Effect of altering coating solution concentration on the changes that occur

during maturation.

� Thorough characterisation of the surface of the metallic substrates to link in with

coating lap-shear and crystallinity results.

� Optimising coating shear strength through factors such as substrate surface rough-

ness.

� Using constant composition techniques to maintain the make-up of the coating so-
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lution during electrodeposition. This would reduce the need to change the coating

solution and allow the speedier production of the coatings.

� More analysis of the effect of CaP coating solutions on the structure of liposome

vesicles.

– Characterisation of the effect that CaP coating has on the zeta potential of

liposome suspensions.

� A study of the release of calcein from composite coatings.

– Possibly involving microscopy using UV light.

� Incorporation of a substance into liposome vesicles that could be visualised easily

by electron microscopy or electron probe microanalysis, when these liposomes are

incorporated into composite coatings.

� An effective methodology for drying/preserving composite coatings once manufac-

tured in order to improve their potential shelf life.

– Work on freeze drying the coatings after manufacture in the presence of tre-

halose.

– Incorporating liposomes with different substance release profiles.

� Manufacture of composite coatings containing gentamicin

– Bacterial growth inhibition assays.

� Incorporation of bone morphogenetic proteins into composite coatings

– Human osteoblast growth assays.
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� Work on a ‘tougher’ alternative to liposomes such as vesicles made up from block

copolymers, which may be able to withstand HAp crystal growth for a longer time

period.
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Appendix A

Calculation of Supersaturation

Further information will be given here on the practical calculation of supersaturation as

carried out for this study. Theoretical definitions of supersaturation, solubility product,

ionic activity product and ionic product have already been given in Section 2.4.1. Much

of this information is based upon the work of Wong (1993).

A.1 Equilibria

In the coating solution there are a wide variety of charged entities present. The equilibria

between these ions need to be taken into account in order to calculate the concentrations

of ions and complexes respective to one another. The corresponding equilibria are listed

in Equation A.1.
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H3PO4 ⇔ H+ + H2PO−
4 log K0 = −799.31

T
+ 4.5535− 0.013386 T (Bates, 1951)

H2PO−
4 ⇔ H+ + HPO2−

4 log K1 = −1979.50

T
+ 5.3541− 0.019840 T (Bates and Acree, 1943)

HPO2−
4 ⇔ H+ + PO3−

4 log K2 = −2017.76

T
− 1.5026− 0.0136 T (Vanderzee and Quist, 1961)

CaH2PO+
4 ⇔ Ca2+ + H2PO−

4 ln K3 = −19373

T
+ 122.81− 0.1994 T (Gregory et al., 1970)

CaHPO4 ⇔ Ca2+ + HPO2−
4 ln K4 = −51090

T
+ 341.14− 0.5880 T (Gregory et al., 1970)

CaPO−
4 ⇔ Ca2+ + PO3−

4 log K5 = −1156

T
+ 3.603− 0.0208 T (Frèche and Heughebaert, 1989)

CaOH+ ⇔ Ca2+ + OH− log K6 = −409.9

T
+ 2.8235− 0.0090 T (Frèche and Heughebaert, 1989)

H2O ⇔ H+ + OH− log KW = −4471

T
+ 6.0875− 0.01706 T (Harned and Owen, 1958)

(A.1)

A.2 Electroneutrality

According to Harned and Owen (1958) the overall sum of all charges throughout the

coating solution should be zero. This can be expressed as:

n∑
1

n
[
Xn+

]
= 2[Ca2+] + [CaH2PO+

4 ] + [CaOH+] + [H+] + [K+] and

n∑
1

n
[
Xn−] = 3[PO3−

4 ] + 2[HPO2−
4 ] + [H2PO−

4 ] + [CaPO−
4 ] + [OH−] + [Cl−]

where
n∑
1

n
[
Xn+

]
=

n∑
1

n
[
Xn−] (A.2)
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A.3 Ionic concentration

As described previously in the Methods section (Section 3.1.1) the pH and pCa were

monitored during coating. The free concentration of these two ions in solution can be

calculated:

[H+] =
10−pH

χ1

[Ca2+] =
10−pCa

χ2

(A.3)

Where χ1 and χ2 are the ion activity coefficients described previously (Section 2.4.1.2).

These coefficients are dependent upon the ionic strength of the solution as calculated by

Equation 2.15, Section 2.4.1.2 and here given by:

I =
1

2
{4[Ca2+] + 9[PO3−

4 ] + 4[HPO2−
4 ] + [H2PO−

4 ] + [CaH2PO+
4 ]

+ [CaPO−
4 ] + [CaOH+] + [H+] + [OH−] + [K+] + [Cl−]} (A.4)

The initial ionic strength of the solution had been made up to be close to 0.1 mol/l by

addition of KCl as a neutral electrolyte. This is the first approximation of the ionic

strength and can be subsequently refined by using calculated values of ion concentrations.

This value of I can now be substituted into the Debye-Hückel law as modified by

Davies (1962) (Equation 2.17, Section 2.4.1.2), giving the activity coefficients required for

calculating the Ca2+ and H+ concentrations in Equation A.3.

At this point, the concentration of PO3−
4 can be calculated by using the equilibrium

values given in A.1 with the approximations already made and the electroneutrality ex-
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pression (Equation A.2) to give:

[PO3−
4 ] =

C1[Ca2+] + C2

C3[Ca2+] + C4

(A.5)

where C1 = K1K2K3K5(2K6[H
+] + KW)

C2 = K1K2K3K5K6([H
+]2 + [H+][K+]− [H+][Cl−]−KW)

C3 = K6[H
+](K1K2K3 −K5[H

+]2)

C4 = K3K5K6[H
+](3K1K2 + 2K1[H

+] + [H+]2)

Now that the concentrations of H+, Ca2+ and PO3−
4 ions are known, it is possible to

calculate the concentrations of other species in solution:

[HPO2−
4 ] =

[H+][PO3−
4 ]

K2

[H2PO−
4 ] =

[H+]2[PO3−
4 ]

K1K2

[CaH2PO+
4 ] =

[Ca2+][H+]2[PO3−
4 ]

K1K2K3

[CaHPO4] =
[Ca2+][H+][PO3−

4 ]

K2K4

[CaPO−
4 ] =

[Ca2+][PO3−
4 ]

K5

[CaOH+] =
[Ca2+]KW

[H+]K6

[OH−] =
KW

[H+]
(A.6)

These values are then used to recalculate the ionic strength of the coating solution.
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A.4 Solubility Products

The solubility products described in Section 2.4.1.2, Equation 2.23 are equilibrium proper-

ties and only dependent on temperature. The relationships between Ksp and temperature

are as follows:

ln Ksp(DCPD) = −8403.50

T
+ 41.863− 0.09678 T (Gregory et al., 1970)

log Ksp(OCP) = −10.25

T
+ 40.098− 0.031897 T (Frèche and Heughebaert, 1989)

log Ksp(HAp) = −8219.41

T
− 1.6657− 0.098215 T (McDowell et al., 1977) (A.7)
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Materials Congress 2002 Abstract

Mechanical Properties of Novel Electrodeposited Hydroxyapatite coatings

Oliver N. F. King & Jan T. Czernuszka. Department of Materials, University of Oxford, Oxford, UK.

Hydroxyapatite coatings have been electrophoretically deposited on to a cathode, the anode was platinum.

This is a low temperature electrodeposition and it has a number of advantages over other techniques,

such as plasma coating. Production of the coating under near-physiological pH and a temperature of

37� is favourable to producing coatings which will be stable under physiological conditions. In addition,

the composition of the hydroxyapatite can be closely matched to that found in bone.

The effect of standing time was investigated. After deposition, the coating was left to stand in the

calcifying solution for up to 13 hours.

The interfacial shear strength was measured and found to initially increase with standing time,

reaching a maximum after approximately 1 hour. Thereafter, the interfacial shear strength decreased to

a value below the initial value. This behaviour has been correlated with microscopic examination and

changes in crystallographic activities within the coatings.
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