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Abstract
This study investigated bacterial interactions with titanium, and evaluated the use of Serratia
biomineralisation to produce a hydroxyapatite (HA) coating on titanium.
Adherence of Gram-positive Staphylococcus epidermidis and Streptococcus sanguinis and
Gram-negative Serratia sp. NCIMB 40259 and Escherichia coli was compared on
commercially pure titanium, Ti6Al4V alloy, pure aluminium and pure vanadium. Grain
boundaries, grain orientation and alloy phase structure did not influence adhesion or early
proliferation. Adherence of all four strains was equivalent on pure titanium and Ti6Al4V and
inhibited on pure aluminium.
Serratia biomineralisation was used to introduce a crystalline coating on Al2O3 grit blasted
titanium discs and a porous titanium mesh. The porous coating consisted of micro-scale
spheres composed of nano-scale calcium deficient HA. Embedded alumina particles and
alkali treatment did not noticeably alter precipitation of Serratia HA, nor the structure of the
coating in comparison with non-treated substrates. Coatings were retained after sintering at
800oC in argon, although the original curved plate-like crystals changed to nano-scale
β-tricalcium phosphate particles. A phosphorous-rich diffusion zone formed at the
coating-titanium interface.
This biomineralised coating may have applications for coatings of implants in non
load-bearing sites, and other non-clinical applications where a high surface area is the major
concern.
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Preface

Preface
I Biofilms on titanium
Bacterial adhesion, proliferation and subsequent biofilm formation on titanium are of great
interest. A thorough knowledge of the above processes is essential in the fight against medical
infections associated with titanium implants, as well as in other fields such as in
microbe-induced corrosion (MIC), biofouling, biomineralisation, and other potential
applications such as bacteria-driven energy fuel cells.
In studies related to bacteria-substrate interactions, most researchers focus on the influence of
substrate surface roughness [1], wettability [2] and chemical composition [3]. Recently, the
influence of substrate microstructures, such as grain boundaries and grain orientation, has
aroused much attention, not only with regard to bacterial adhesion [4, 5], but also
mammalian cell behaviour [6]. Titanium and its alloys, such as Ti6Al4V, are increasingly
employed as implants. In this thesis, the influence of their microstructure and chemical
composition on bacterial adhesion and proliferation has been investigated, as described in
Chapter 3, focusing mainly on grain boundaries and grain orientations in commercially pure
titanium and the phase structure of Ti6Al4V. Their effects on the adhesion of two
Gram-positive bacteria, Staphylococcus epidermidis and Streptococcus sanguinis, and two
Gram-negative bacteria, E Escherichia coli and Serratia sp. NCIMB 40259, and on the
proliferation of Serratia have been studied, mainly using a combination of backscattered
electron imaging and electron backscattered diffraction.
Numerous titanium surfaces have been designed and engineered for orthopaedic and dental
implants, in order to guide and promote mammalian cell adhesion, proliferation and
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differentiation. However, knowledge on biofilm formation, especially mature biofilm, on
these surfaces is rather limited. Serratia biofilm formation has been studied on titanium discs
with different surface treatments, including some which are already used on commercial
dental implants, as described in Chapter 4. The influence of titanium surface roughness,
wettability and topography on biofilm formation in terms of the number of bacteria in the
biofilm and the morphology of the biofilm has been investigated. Recently, porous titanium
scaffolds have attracted much focus due to their significantly increased osteoinductivity.
However, limited work has been done to understand the biofilm formation on such structures.
This study offers a detailed analysis of the 3D distribution of a Serratia biofilm grown on a
porous titanium scaffold in an air-lift fermenter with continuous culture feed, using scanning
electron microscopy and micro X-ray computer tomography which is included in Chapter 4.
Bacterial adhesion, proliferation and biofilm formation on titanium substrates are summarised
and discussed in Chapter 5.
II Biomineralisation on titanium
Bacterial related biomineralisation is a well known phenomenon. It is responsible, for
example, for the formation of some urinary stones [7], ferrous hydroxide oxidation [8],
sulphide reduction [9] and precipitation of CaCO3 [10]. Among the many bacterial strains that
are involved in biomineralisation, Serratia sp. NCIMB 40259, formerly classified as a
Citrobacter sp., has attracted attention due to its application on recycling radioactive waste
(UO22+) [11] and in the treatment of organic phosphate contaminated water [12] with the
concomitant formation of metal phosphates, especially hydroxyapatite [12]. The bacteria’s
ability to trap heavy metal ions as phosphate salts is thought to be a self-protection
mechanism against an unpleasant environment [13].
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Bacteria-related deposition of calcium phosphate is very common and closely related to
everyday life - for example - as mentioned above, it occurs in the precipitation of urinary
stones [7] and calcium phosphate in dental calculus [14]. Previous work has shown that when
Serratia was provided with a source of calcium ions and an organic phosphate, the calcium
phosphate produced was hydroxyapatite [15], and this reaction was explored further to
evaluate its feasibility to produce hydroxyapatite as a potential bone-substitute material
[16-18]. This has been further studied in this work as an alternative approach for coating
titanium substrates with hydroxyapatite.
The Serratia hydroxyapatite coating on a solid titanium disc is described in detail in Chapter
6, and the influence of heat treatment on both the coating and the substrate in Chapter 7. The
morphology, chemical composition and type of the nano-scale calcium phosphate in the
coating have been determined by X-ray diffractometry, scanning electron microscopy and
transmission electron microscopy. The coating-substrate interface structure has also been
analysed. Serratia biomineralisation is also used to coat a porous titanium mesh with
hydroxyapatite as described in Chapter 8. The influence of biofilm thickness on the coating
formation has been studied and the morphology the coating has been examined using electron
microscopy. The crystal coated porous titanium matrix has been reconstructed by micro
X-ray computed tomography to visualise the 3D distribution of crystals within the porous
scaffold. The influence of heat treatment on the hydroxyapatite coated porous titanium system
has also been analysed. These are further discussed in Chapter 9, where the coating achieved
in this study is compared to other methods and its advantages and disadvantages discussed.
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Chapter 1 Literature review
1.1 Mineralised tissues: composition and structure
Bones
Bones are indispensable components of bodies, as they support, protect and move various
organs [1]. They come in a variety of shapes and with a variety of structures, reflecting their
functions, and are mainly composed of water, organic bone matrix and mineral phases [1].
The hierarchical bone structure is built up through combination or repetition of highly ordered
mineralised collagen fibrils. Depending on the manner in which the fibrils are arranged,
various superstructures can be achieved, as shown in Figure 1. 1. The woven fibre structure
shown in Figure 1. 1a usually consists of loosely packed fibril bundles with varying sizes and
different orientations. Sets of parallel fibril bundles may also be present in discrete layers,
with different orientations in each layer, forming the plywood-like structure in Figure 1. 1b. It
is believed that these complicated multi-level-hierarchical structures are closely related to the
stress state and mechanical function of individual bones [2].
Teeth
Teeth are mainly composed of calcified matrix. The pattern in Figure 1. 1c is characteristic of
the bulk of dentine that forms the inner layer of teeth. The fibrils in this pattern are in the
plane parallel to the surface where dentin forms, but random or poorly oriented within this
plane.
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a

b

c

Figure 1. 1 SEM micrographs and schematic illustrations of three examples of fibril arrays in
mineralised tissues (adapted from [2])
(a) Woven fibre structure (outer layer of a 19-week old human fetus femur).
(b) Plywood-like structure (baboon tibia).
(c) Radial fibril arrays (human dentin).
The major mineral in bones and teeth is calcium deficient carbonated hydroxyapatite (HA) [3].
It is different from stoichiometric HA because of the incorporation of other ions such as
HPO42-, CO32-, Mg2+, Na+ and F-. Normally, the crystals are plate-shaped with irregular edges
6

Chapter 1

[4] and preferential grown along the c-axis [5]. Crystal plates within the same fibril can be
either arranged in such a way that they are parallel to each other and to the highly ordered
collagens, such as in lamellar bones, or arranged randomly such as in trabecular bones (the
cancellous bones) [5]. The formation of these plate-shaped crystals, regardless of the
hexagonal symmetry of HA (hexagonal close-packed), is attributed to growth via an
octacalcium phosphate (OCP) precursor phase, which forms faster than HA, and is less
sensitive to crystal growth inhibitors [6]. HA, on the other hand, is much more stable than
OCP in vivo. The transformation from OCP to HA is crystallographically possible because the
(100) plane of OCP is identical to the (101 0) plane of HA [6].

Apatite formation in vivo is closely associated with proteins. Not only are the apatite nuclei
observed accompanied by fibrious proteins, the growth of the apatite crystals is regulated via
molecular recognition at the protein-mineral interface. Dentine matrix protein I is able to
stabilise newly formed calcium phosphate precursors by facilitating the sequestration of
calcium phosphate nuclei and thus preventing crystal aggregation and precipitation [7]. Bone
Gla protein (GBP; osteocalcin) and osteonectin can inhibit hydroxyapatite crystal growth,
because of their ability to bind to Ca2+ within the HA crystal through -carboxyglutamic acid
and glutamic acid, aspartic acid residues, respectively [8].
1.2 Hydroxyapatite as a biomaterial
1.2.0 Preface
A biomaterial is a material, natural or synthetic, that is used ‘to replace or restore function to a
body tissue and is continuously or intermittently in contact with body fluid’ [9]. According to
the application, biomaterials can be roughly divided as orthopaedic implants, cardiovascular
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applications, ophthalmics, dental applications, wound healing and drug delivery systems [9].
The most common synthetic biomaterials include metals, polymers, ceramics and composites.
Among these materials, calcium phosphate is a popular choice for bone contacting
applications because of its bioactivity. Its application as bone substitutes dates back to the
1920s [10]. Several examples of their dental applications are listed in Table 1. 1. The most
commonly used calcium phosphates are hydroxyapatite (HA), octacalcium phosphate (OCP),
α-tricalcium phosphate (α-TCP) and

-tricalcium phosphate ( -TCP). Their structures are

compared in Table 1. 2 with that of tooth enamel.
Table 1. 1 Dental applications of calcium phosphate materials [10].

1
2
3
4
5
6
7

Restore (augment) alveolar ridge for better fit.
Tooth root replacement to prevent resorption of alveolar ridge.
Fillers for periodontal defects or bone loss.
As metal implant coatings to improve bone-implant adhesion
Repair of cleft palate
Repair of maxillofacial defects
As pulp-capping materials

Table 1. 2 Crystal structure and lattice parameters of tooth enamel and different kinds of
calcium phosphate [3]

Mineral

Chemical formula

Space Ca/P
group ratio

Tooth
non-stoichiometrical
--Enamel
Ca10(PO4)6(OH)2
P63/m
HA
Ca8(HPO4)2(PO4)4·5H2O
P1
OCP
α -Ca3(PO4)2
P21/a
α-TCP
β-Ca3(PO4)2
R3c
β-TCP

a/Å

Lattice parameter
b/Å
c/Å
α/º β/º

γ/º

9.42

120

1.62

9.418

6.884

90

90

1.67
1.33
1.5
1.5

9.432 9.432 6.881 90
90 120
19.69 9.52 6.835 90.2 93 109
12.88 27.28 12.21 90 126 90
10.43 10.43 37.39 90
90 90
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1.2.1 Hydroxyapatite
HA has been used for decades as a bone substitute material in orthopaedics and dentistry,
capable of forming strong chemical bonds with tissues [11]. It is commonly represented as
Ca10(PO4)6(OH)2 (sometimes as Ca5(PO4)3(OH)) with a Ca/P ratio of 1.67. It is the most stable
form of apatite in vivo, with a solubility product of around 2.63×10-60 [3]. Its lattice
parameters are listed in Table 1. 2, and its structure is illustrated in Figure 1. 2.

Figure 1. 2 HA structure projected onto the xy-plane (adapted from[12])
1.2.2 Production of HA
Synthetic HA can be achieved using dry methods such as solid state reaction and wet methods,
such as sol-gel methods and precipitation from liquids.
1.2.2.1 Solid-state methods
Solid state reaction is a process during which dry ingredients such as CaO, P2O5, TCP and
9
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Ca(OH)2 are milled, mixed and sintered to produce crystals with the desired structure. It is a
low cost process and produces stoichiometric HA with high crystallinity. However,
contamination may be introduced during milling and the product can be different with
different starting materials. By adjusting the composition of the starting material and the heat
treatment, different calcium phosphates can be achieved. Several examples were listed in
Table 1. 3.
Table 1. 3 Different phases achieved from TCP +Ca(OH)2 combination after sintering
(analysed used XRD) [13]

Heat
treatment
600°C/8
hours
800°C/8
hours
1000°C/8
hours
1250 °C/2
hours

Products evolved from -TCP and Ca(OH)2 mixtures (molar ratio)
3:1
3:1.5
3:2
3:3
HA, TCP,
HA, TCP,
HA, -CPP,
---CPP,
DCPD, CaO
-CPP, DCPD
DCPD
HA(90%),
HA(50%),
HA(94%),
---TCP(6%),
-TCP(50%)
-TCP(6%)
CaO(4%)
HA (54%),
HA (84%),
HA (100%)
HA(100%)
-TCP(46%)
-TCP(16%)
HA (49%),
HA(74%),
HA (90%),
HA(100%)
-TCP(26%),
CaO(10%)
-TCP(26%)
-TCP(25%)

HA=Ca10(PO4)6(OH)2; DCPD=CaHPO4·2H2O; -TCP= Ca3(PO4)2; -TCP= Ca3(PO4)2;
-CPP= Ca2P2O7.
1.2.2.2 Sol-gel method
The sol-gel method is a wet chemical process during which calcium and phosphate sources,
supplied by Ca(NO3)2 and P2O5 or H3PO4 [14, 15], are mixed in solvents and amorphous HA
is thus formed. The white gel formed immediately in the solution is an amorphous precursor,
which will develop to crystalline HA if sintered at above 600-700 ºC [16]. Heating to a higher
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temperature can lead to a higher crystallinity but may also lead to the decomposition of HA,
forming secondary phases such as -TCP and CaO between 800 ºC and 900 ºC (Equation 1. 1)
[14], TTCP (Ca4(PO4)2O) and -TCP at a temperature higher than 1250 ºC (Equation 1. 2)
[15]. The advantage of this method is that neither a high pH value of the solution nor a high
sintering temperature is needed during the reaction due to the high reactivity of the reactants.
Disadvantages include the necessity for strict pH control, vigorous stirring during the reaction
and a requirement of heat treatment to achieve crystalline products.

Ca10 ( PO4 ) 6 (OH ) 2

3Ca 3 ( PO4 ) 2

CaO H 2 O
Equation 1. 1

Ca10 ( PO4 ) 6 (OH ) 2

Ca 4 ( PO4 ) 2 O 2

Ca 3 ( PO4 ) 2
Equation 1. 2

1.2.2.3 Precipitation
HA can be precipitated directly from supersaturated solutions containing calcium and
phosphate ions following Equation 1. 3 - for example a solution made of Ca(OH)2 and H3PO4
[17]. The precipitates can be calcified further by sintering, yielding different phases at
different temperatures, similar to those described above [18]:

10Ca (OH ) 2

6 H 3 PO4

Ca10 ( PO4 ) 6 (OH ) 2 13H 2 O
Equation 1. 3

The crystal nuclei, 0.7 to 1.0 nm in size, are of OCP or amorphous calcium phosphate in
undersaturated solutions and of HA in supersaturated solutions [19]. Following the nucleation,
two growth mechanisms have been reported, nucleation-aggregation-agglomeration where the
crystal growth was through the aggregation of the superfine nano-nuclei, driven by surface
energy excess [20], and a cluster growth model where HA crystals grow by building up
Ca9(PO4)6 clusters at certain locations [19, 21]. The cluster size in the a- and c- directions is
different, 0.815nm and 0.87 nm, respectively [19, 21].
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While HA obtained in the sol-gel method is mainly in the form of particles, the crystals
achieved by precipitation are more likely to be needles or plates of various sizes. The reaction
is extremely sensitive to the environment, such as solution temperature, pH range, ion
composition and concentration, rate of solution mixing and duration of precipitation [22].
Higher temperatures (>85 ºC) can result in a higher precipitation rate. HA formed in this way
is usually not stoichiomechic due to the incorporation of ions, including Na+ Mg2+ and Sr2+,
into the HA crystal lattice, either by entering the defect sites within the structure or by
substitution, causing the formation of carbonated HA or substituted apatite such as
magnesium apatite and strontium apatite.
1.2.3 Biocompatibility of HA
HA is bioactive because it bonds chemically to surrounding tissues, which is desirable to
achieve a firmer fixation of the implant and to avoid micromobility in the long term. After
implantation, a series of complicated reactions happen at the HA surface which is exposed
directly to the physiological fluids, involving the dissolution of the implanted HA (① to ③ in
Figure 1. 3), protein adsorption (④ in Figure 1. 3), cell adhesion (⑤ and ⑥ in Figure 1. 3)
and the formation of mineralised tissues (⑦ and ⑧ in Figure 1. 3). Bertazzo et al. claimed the
formation of CaHPO4 on the surface of the implanted HA during the process to be an
equilibrium phase which could dissolve to release Ca2+ and HPO42- or H2PO4- [23], as
demonstrated in Equation 1. 7 and Equation 1. 8. The release of calcium and phosphate from
HA can contribute to and facilitate the mineralisation in vivo and thus is of major significance
in terms of biocompatibility [23]. The implanted HA can influence the tissue formation and
vice versa, as the presence of osteoclasts can inhibit the dissolution process [24].
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Figure 1. 3

Schematic drawing of a hypothesised mechanism for the dissolution of HA and
the formation of new tissues (adapted from [23])

① Initial dissolution of HA after implantation:
Ca10(PO4)6(OH)2 (s)+2H+ (aq)↔Ca10(PO4)6(H2O)22+ (s)

Equation 1. 4

② Further dissolution of HA:
Ca10(PO4)6(H2O)22+ (s)↔3Ca3(PO4)2 (s)+Ca2+ (aq)+2H2O (aq)

Equation 1. 5

③ Equilibrium between the HA surface and the physiological solutions and the formation of
CaHPO4 on the modified surface:
Ca3(PO4)2 (s)+2H+ (aq)↔Ca2+ (aq)+2CaHPO4 (s)

Equation 1. 6

CaHPO4 (s)+H+ (aq)↔Ca2+ (aq)+H2PO4- (aq)

Equation 1. 7

CaHPO4 (s)↔Ca2+ (aq)+HPO42- (aq)

Equation 1. 8

④ Protein adsorption.
⑤ Cell adhesion.
⑥ Cell proliferation.
⑦ Start of mineralisation reactions.
⑧ Formation of new bone tissues.
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1.2.4 Disadvantages
Although the natural similarity of HA to normal bones can accelerate the adhesion and growth
of bone cells, its mechanical property is a major drawback. Compared with metals, dense HA
is very brittle, with a tensile strength1 of around 100 MPa (CP Ti, 240-550 MPa; Ti64,
895-930 MPa) and an elastic modulus2 of less than 15 GPa (CP Ti, 102-104 GPa; Ti 64,
110-114 GPa) [25]. Therefore pure HA grafts are unfit to be used in the force-bearing sites
such as hip replacements. HA is instead often used as coatings. However, the loosening of
such coatings is considered as a potential cause of granulomatous inflammation and
disturbance of bone remodelling which can lead to a local osteolytic process [26, 27].
1.3 Titanium and its alloys as biomaterials
1.3.0 Preface
Metals have been used as biomaterials for at least 2000 years [28]. However, it was not until
the first and second World Wars that they were widely used as internal fixation devices and
bone replacements. Common choices for medical devices include CrNi alloy, CoCr alloy,
stainless steel, titanium and its alloys [29]. Compared with other competing metals, titanium
is a relatively new engineering material. Its commercial application started in the 1940s and it
was only introduced as an implantable material in the 1960s [25]. However it was not until
the 1980s that researchers began to realise its superiority for medical applications. Today
titanium and its alloys have become the preferred choice for bone applications because of
their appropriate mechanical behaviour, superior corrosion resistance and bone acceptance
[30]. Commercially pure titanium (CP Ti), Ti-6Al-4V (Ti 64), Ti-6Al-7Nb, Ti-5Al-2.5Fe, TiNi

1. Tensile strength: the maximum load that a material can support without fracture.
2. Elastic modulus: a term used to describe the ability of a material to deform elastically.
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alloy, Ti-13Nb-13Zr and To-15Mo-3Zr-3Al are widely used in orthopaedic replacements and
other bone contacting applications.
1.3.1 Titanium: metallurgy
Titanium (Ti) undergoes a β transition at 882ºC (Tβ). Under Tβ, titanium takes the hexagonal
close-packed (hcp) structure, referred to as α-Ti, and above Tβ, the body-centred cubic (bcc)
structure (β-Ti). The addition of α or β-stabilising alloying elements to titanium gives rise to a
field where both α and β phases can coexist. The incorporation of Al (α-stabiliser) and V
(β-stabiliser) makes Ti 64 an α+β double-phase material with the coexistence of an hcp α
phase and a bcc remanent β phase at room temprature.
1.3.2 Biocompatibility of titanium
Titanium and its alloys are notable for their osteoconductivity (the ability to allow bone
growth on the surface [31, 32]. This is attributed to the surface TiO2 oxide which forms
spontaneously under atmospheric conditions due to the high reactivity of titanium with
oxygen. This nanometre-scale passive layer, acting as the interface between the biological
medium and the implant, is not only responsible for the superior corrosion resistance of
titanium but also can attract osteogenic proteins such as osteocalcin (Oc) and osteopontin
(Op), the main proteins contributing to osseointegration (close contact at the interface
between the implant and bone tissue) [33]. Figure 1. 4 illustrates a possible mechanism to
explain the osseointegration of titanium. At pH=7, the negatively charged TiO2 (the implant
surface) and Oc, Op are connected by the positively charged calcium ions, donated by the
surrounding body fluid, the so-called calcium ion-mediated mechanism (Figure 1. 4a). (K+
and Mg2+ may also contribute.) Alternatively, Oc and Op groups can be attracted and bonded
to the implant through bridging by the terminal OH radicals on the TiO2 surface (Figure 1. 4b)
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[33, 34].

a

b

Figure 1. 4 Mechanism of adsorption of osteogenic proteins to titanium (adapted from [33])
(Oc: osteocalcin, Op: osteopontin)
a: Calcium ion-mediated mechanism.
b: Terminal OH radical-mediated mechanism.
Oc and Op are solely produced by osteoblasts. Their bonding to titanium leads to the
migration of osteoblast cells toward the implants (cell adhesion). Bone formation is then
triggered by Oc and Op surrounding the cells through simultaneous production of collagen
which is then mineralised (Figure 1. 5) [33].
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Figure 1. 5 Osseointegration of a titanium implant
(AZ: amorphous structure zones) (adapted from [33])
1.3.3 Surface treatments of implantable titanium alloys
When compared with ceramics such as calcium phosphate, titanium is considered as bioinert,
due to its inability to form strong chemical bonding with the living tissue. The behaviour of
cells can be much influenced by the specimen surface: either promoted or inhibited depending
on properties such as roughness, topography, wettability and chemical composition. Protein
adhesion, cell spreading, shapes and the organization of stress fibres can be significantly
different on different titanium surfaces [35]. GM7373 cells were found to bridge deeper
grooves (Ra > 0.35 m) whilst aligning parallel to the smoother ones [32]. Last but not least,
surface treatments can enhance the resistance against in vivo corrosion between the implant
surface and the physiological environment to prevent ion release. Ion release is harmful
because certain ions, such as Al and Ni, are potentially toxic to the cells [36]. With proper
surface treatments, ion release from the metal substrate can be significantly reduced. A
diamond-like carbon coating could reduce the nickel ion release from a nickel-titanium alloy
orthodontic archwire by 80 % when it was immersed in physiological saline at 85 oC for 5
days [37]. HA coatings were also reported to reduce the metal ion release from titanium
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substrates [38, 39].
1.3.3.1 Mechanical methods for modification of surface topography
Mechanical methods are treatments to control the surface morphology by cutting, turning,
smoothing and particle blasting [40], to alter, roughen or to smooth the surface morphology of
the implant. They are usually introduced as preparations for further treatments, but can also
act as the finishing step.
Grit blasting is the most commonly employed mechanical treatment. It is a well established
procedure where metal surfaces such as titanium are exposed to a flux of grits or sands under
high pressure. It is well accepted that grit blasting can enhance the bone to metal contact, as
blasting produces a rough surface with a high surface area and thus more bonding sites for
proteins and cells [41]. Although the adhesion of human bone marrow cells was found to be
unaffected by surface roughness over the range from 0.8 m to 1.9 m, cell proliferation in
terms of total protein content and alkaline phosphate activity was quite sensitive to the
roughness [42]. Al2O3 is the most common grit for blasting. However there are fears that the
residual Al2O3 particles embedded within the matrix may inhibit cell growth by releasing
harmful aluminium ions. Other grits, such as TiO2, glass beads and HA granules are therefore
sometimes introduced as replacements. However, there is dispute over this point, since neither
torque measurements nor histomorphometric analysis showed any significant difference
between Al2O3 and TiO2 blasted screws after twelve weeks in adult rabbits [43]. Mouse
osteoblastic cells (MC3T3-E1) were found to adhere and proliferate more poorly on Al2O3 grit
blasted Ti6Al4V than on the untreated surface, which was attributed to an Al-rich surface
layer contributed by both the embedded alumina and pressure-induced Al diffusion from the
bulk material [44].
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1.3.3.2 Chemical and electrical treatments
Chemical treatments, for example solvent cleaning, chemical etching and passivation, often
accompany grit blasting or machining, to modify further the surface properties through
chemical reactions between the titanium substrate and certain reactants. Acid etching, for
example, can create a micro-textured surface on titanium that can promote cell adhesion and
proliferation. The mean torque removal value of acid etched titanium screws was four times
as high as that of machined-only ones after 2 months in New Zealand white rabbits [45]. As a
matter of fact, in terms of endosseous integration, a machined + acid etched implant was
almost comparable to plasma sprayed ones [46]. Passivation is achieved by exposing titanium
to acid solutions such as nitric acid, to form a layer mainly consisting of amorphous TiO2 as
well as of Ti2O3 and TiO. It can prevent further oxidation of titanium during dry-heat
sterilisation [47] and to minimise corrosion [48]. An anodised titanium surface can be
achieved under electrochemical conditions, leading to improved corrosion and wear resistance,
due to the existence of a partially crystalline oxidation film, mainly rutile (TiO2) [49], but also
trace amounts of the alloying elements from the substrate, such as Ni in TiNi alloy and Al in
Ti 64 [49, 50]. Depending on the electrolytes used and the voltage and current involved, the
structure of the oxidation layer is different: from a thin and compact layer to a composite of a
compact layer and a columnar porous structure [51].
1.3.3.3 Coatings
A coating is introduced onto a titanium surface with various purposes: to promote cell
adhesion, proliferation and differentiation, to reduce ion release, to improve corrosion
resistance and to inhibit bacterial adhesion.
1. Polymer coatings
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Polymer coatings can be introduced by techniques such as plasma polymerisation and
electro-polymerisation. After the introduction of the coating, the surface often becomes more
hydrophobic. Unlike many other methods, polymer coating can be multi-functional, via the
possibility of associating various functional groups into the molecular chain [52]. Depending
on the polymer itself and the functional groups involved, the cell response can be either
promoted or inhibited. For example, a hexamethyldisiloxane coating is believed to be
beneficial for the early adsorption of fibronectin (a high molecular weight extracelluar matrix
protein that is involved in cell adhesion) [53]. A modification of titanium with biological
active peptide molecules could promote cell attachment and decrease S. aureus adhesion [54].
Specific fibroblast attachment was enhanced if the polymer coating was functionalised by a
peptide such as N-acetyl-GCRGYGRDGSPG through bonding covalently with an activated
polymer chain [54]. Pre-treating the titanium substrates by grit blasting, acid etching and
plasma or laser treatment will generally lead to stronger bonding between the substrate and
the polymer coating, due to the formation of stronger mechanical interlocking, because of the
increased substrate surface area and thus more irregularities to secure the polymers [55].
2. Bioglass coatings
Traditional glass contains at least 65% silicon oxide (SiO2) and is bioinert. If this content is
lowered to, for instance, 40-50%, with the addition of certain components such as sodium and
calcium oxide, the glass starts to show bioactive properties [56]. Bioglass usually contains
three key features which distinguish it from traditional glasses: less than 60% of SiO2, high
Na2O and CaO contents and a high CaO/P2O5 ratio [57]. For example, the Biovetro GSB
bioglass is composed of 7-24% Na2O, 2-8% K2O, 9-20% CaO, 0.1-2% MgO, 0.1-2% Al2O3,
46-63% SiO2 and 4-8% P2O5 [56]. Common techniques to introduce a bioglass coating are
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plasma-spraying [58], the sol-gel method [59] which benefits from a lower reaction
temperature and a homogeneous mixture as the final composition, and pulsed laser deposition
[60] which allows the formation of high-quality crystalline and stiochiometric films.
Osseointegration, the stable anchorage of an implant achieved by bone ingrowth into the
discontinuities of the implant surface, of the bioglass-coated grafts can be significantly
improved compared with the uncoated ones [58], however to a lesser extent than that of HA
coated implants [61]. With the correct composition and appropriate crystallinity, the bioglass
coating can be degraded in biological fliud. When rinsed in simulated body fliud (SBF) for 30
to 46 days a pulsed laser deposited bioactive glass thin film belonging to the
SiO2–Na2O–K2O–CaO–MgO–P2O5 system was gradually replaced by a new apatite layer
through ion exchange [60].
3. Calcium phosphate coatings
Calcium phosphate coatings are so far the most promising coatings in terms of
osteoconduction and osseointegration. Brushite, monetite, octacalcium phosphate, whitlockite
(tricalcium phosphate), fluorapatite and HA are all in this family. Extensive studies have been
made in this field, with HA attracting most attention, as will be discussed later in 1.4.
1.3.4 Porous titanium
Porous titanium can significantly reduce the implant-tissue stiffness mismatch. The Young’s
modulus and 0.2% proof strength of a laser-engineered net shaped porous titanium (porosity:
35-42 vol.%) are comparable to those of human cortical bones [62]. Moreover, a more stable
fixation can be achieved by means of full bone ingrowth (bone formation within an irregular
surface of an implant) into the porous structure [63]. Various methods have been developed to
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manufacture such a matrix with different structures, including solid-state foaming [64], spark
plasma sintering [65], powder sintering [66], laser fabrication [67, 68] and liquid foaming.
Pore size rather than scaffold design is judged to be the more important factor for promoting
bone ingrowth [69]; the optimum range of pore size ranges from 100 to 400 m [70].
By coating the porous scaffold with calcium phosphate, the osteoconductivity of the graft can
be improved and osseointegration can be accelerated. This can facilitate bone ingrowth and
increase new bone formation both on the perimeter and internal surface of the implants [63,
71]. The traditional plasma/thermal spraying is no longer appropriate, as only facets facing the
incoming spray can be coated. Hence wet methods such as sol-gel [72], electrochemical
deposition [73] and biomimetic deposition [73] are more appropriate. In this study, bacterial
biomineralisation of HA is used to coat a porous titanium web, and will be described in §1.6.
1.4 HA coated titanium as a biomaterial
1.4.0 Preface
It is well accepted that osseointegration will be improved significantly if the implant is coated
with HA. The adsorption of proteins and subsequent formation of a conditioning film are of
major importance in guiding cell adhesion, proliferation and differentiation; the ability of
calcium phosphate to trap and adsorb bovine serum albumin almost doubles that of titanium
[74]. Thus, it is not difficult to understand its superiority in accelerating tissue formation in
vivo. Lopez-Sastre et al. (1998) reported that mineralised trabeculae formed in the
surrounding area of plasma sprayed HA coated titanium cylinders were already mature after 4
weeks’ implantation in Spanish Churra sheep [61]. Studies showed that after 12 years,
although the bone loss was higher for HA-coated titanium than for pure titanium, HA-coated
implants had a higher survival rate [75].
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Consequently, HA coated titanium devices are considered to be a better choice as they
incorporate the mechanical properties of titanium with the bioactivity of HA, maintaining the
desirable mechanical strength as well as increasing the biocompatibility of the graft. The
success of these coated implants, already used in orthopaedics, depends on a variety of factors,
such as the interface bonding strength, coating thickness, chemical composition and the
degree of crystallisation of the coating [76, 77]. It is commonly believed that a coating able to
enhance osseointegration of metal implants needs to be sufficiently thick and crystallised to
accommodate the bone healing process. Traditional methods to apply the coating include
plasma spraying, electrophoretic deposition, the sol-gel method and biomimetic formation of
HA on a bioactive titanium surface in simulated body fluid. The more important examples are
described below.
1.4.1 Traditional methods
1.4.1.1 Plasma spraying
Plasma spraying is a well established commercial coating process. HA powders are injected
into a plasma spray, accelerated and directed onto a target where they form a coating as they
spread and solidify, as illustrated in Figure 1. 6. However, contaminants from the plasma gas
can be introduced into the coating [78], and decomposition phases such as TCP, TTCP and
CaO cannot be avoided [79]. Due to the thermal history of plasma-sprayed powders, which
are often partially melted, the coating is not chemically homogeneous, and demonstrates a
decrease in crystallinity as it gets nearer to the titanium surface with an amorphous CaP layer
in direct contact with the substrate [80]. Thus, post heat treatment is applied to achieve a
homogeneous composition as well as to restore the crystalline structure of the coating [81].
The coating strength can be improved by co-spraying with TiO2 particles [82] or by making
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the coating as a HA/titanium composite [83]. The main drawback of this method is the
geometrical limitation of the supporting substrate: porous materials or substrates with
complicated shapes cannot be evenly coated.

Powder injector

Substrate

Plasma torch

Plasma spray

Coating

Figure 1. 6 Schematic drawing of the plasma spraying method for forming an HA coating
1.4.1.2 Pulsed laser deposition
In pulsed laser deposition, HA is irradiated by an intense laser beam and thus vaporized and
directed toward a heated substrate where it recondenses and forms a thin film on the surface.
Typical equipment is illustrated in Figure 1. 7. The laser parameters (intensity, wavelength,
pulse width) are of major importance, as they determine the composition of the irradiated
vapour [84]. Tri et al. showed that HA film deposited at a laser fluence at 29.3 J/cm2 had
higher crystallinity as well as a smoother surface with a lower Ca/P ratio than that achieved at
2.4 J/cm2 [85]. By heating the substrate to different temperatures, various phases can be
achieved: amorphous HA if the substrate is kept below 450 ºC [86], crystalline HA if between
400 ºC and 700 ºC and in an inert atmosphere (but α-TCP if in oxygen [87]) and -TCP above
700 ºC [87]. The as-deposited amorphous HA film can be restored to a stoichiometrical HA
crystalline phase by heat treatment at 300 ºC to 550 ºC [86, 88]. As with plasma-spraying,
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pulsed later deposition is not appropriate for coating porous scaffolds.

Figure 1. 7 Typical equipment for pulsed laser deposition (adapted from [87])
1.4.1.3 Electrophoretic deposition
Electrophoretic deposition is a low cost flexible process and has proved successful for
producing an HA coating on metal implants [88]. HA is deposited on various substrates by
electrophoresis from solutions consisting of components such as Ca(NO3)2·4H2O and
NH4H2PO4 [89]. The concentration of HPO42- in the solution is greatly influenced by the local
pH and follows Equation 1. 9 or Equation 1. 10. When extra OH- is available, with the
association of Ca2+ and PO43-, HA precipitates on the cathodic surface (Equation 1. 11).
H++PO43-→HPO42-

Equation 1. 9

HPO42-+OH-→H2O+PO43-

Equation 1. 10

10Ca2++6PO43-+2OH-→Ca10(PO4)6(OH)2

Equation 1. 11

The voltage and current used are important. At -0.7 V, Ca(H2PO3)2·H2O was formed, but a
combination of CaHPO4·2H2O and Ca10(PO4)6(OH)2 was formed at -1.25 V [89]. The coating
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thickness is flexible, ranging from less than 1 m to several millimetres. The main limitation
is the requirement for heat treatment at high temperature to convert the as-deposited loosely
held coating crystals to a more dense form.
1.4.1.4 Biomimetic method
The biomimetic method involves rinsing a NaOH-treated bioactive titanium in simulated
body fluid (SBF). SBF is a well known metastable buffer solution with a composition similar
to that of human plasma, as shown in Table 1. 4 [90].
Table 1. 4 Ion concentration of SBF and human plasma [90]

Ion
Na+
ClHCO3K+
Mg2+
Ca2+
HPO42SO42-

SBF
142.0
147.8
4.2
5.0
1.5
2.5
1.0
0.5

Concentration (mM)
Human plasma
142.2
103.3
27.0
5.0
1.5
2.5
1.0
0.5

Kokubo first reported that by soaking titanium in 5M sodium hydroxide solution, a layer of
sodium titanate formed on the activated titanium surface [91]. TEM study demonstrated the
close association of this sodium titanate layer with the formation of HA in the succeeding
stages [92]. An XRD-XPS study revealed that the apatite formation on this bioactive surface
was started by an ion-exchange mechanism [93]. The mechanism is illustrated in Figure 1. 8.
After soaking in SBF, the Na+ ions within the amorphous sodium titanate layer are released
into the solution through ion exchange with H+ to form Ti-OH groups (Figure 1. 8b), which
were able to stimulate the formation of HA in SBF [91]. The Ti-OH groups react with the
Ca2+ from the fluids to form calcium titanate (Figure 1. 8c). The calcium titanate reacts further
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with PO43+ and thus HA nuclei are precipitated on the titanium surface [94]. The biomimetic
HA coating on Ti was reported to grown preferentially along the c-axis [97, 98] and
perpendicular to the titanium substrate [95]. However, there were studies indicating that the
crystals precipitated on the activated titanium surface were in fact OCP rather than HA [73,
96]. At room temperature, this process is very slow, with the formation of an HA coating less
than 20

m thick after two weeks’ immersion [95]. However, it can be facilitated by

increasing the NaOH concentration, NaOH-treatment time and reaction temperature, and the
ion strength of the SBF [97, 98]. A similar treatment was applied to titanium alloys, such as
Ti-15Mo-5Zr-3Al and Ti6Al4V. The activated sodium titanate layer and the subsequent HA
coatings were found to be the same as those on the pure titanium surface, indicating that this
process was unaffected by the alloying elements within the substrate [93, 99].
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a

b

c

d

Figure 1. 8 Mechanism of apatite formation on NaOH activated titanium in SBF (adapted
from [94])
a: Before soaking in SBF: the formation of sodium titanate in NaOH solution.
b: Formation of Ti-OH groups in SBF.
c: Formation of calcium titanate.
d: Formation of apatite.
1.4.2 Coating properties and their influence on cellular responses and bone formation
Coating properties such as chemical composition, particle size, crystallinity, surface structure
and roughness can significantly alter the cell response, possibly through influencing protein
adsorption.
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1.4.2.1 The influence of chemical composition
Almost inevitably, the HA coating is not 100% pure stoichiometric. Depending on the coating
method and the heat treatment route, various phases can be involved in the coating, such as
TCP, OCP, CaO and amorphous HA. After implantation, the bonding between the ceramic and
the cells is mainly through reactions which include dissolution of the coating, precipitation of
the newly formed mineral and ion exchange between them. Thus, different cell responses are
very likely on HA with or without other phases [100]. Although -TCP is more biodegradable
than HA, the latter is preferred for cell adhesion. After 24 hours’ incubation, 41.5% of the
cells did not adhere on -TCP but only 4.5% on HA [101]. After implantation for 12 weeks,
OCP promoted bone formation better than its hydrolyzed Ca-deficient HA form [102].
The incorporation of foreign elements into HA also matters. For an HA coating achieved in an
aqueous environment, such as by precipitation, electrochemical deposition or a biomimetic
method, the products are often calcium-deficient, sometimes with the incorporation of
elements such as Na, F, Cl and Mg. The presence of Mg and F in the apatite can promote bone
formation, although others argue that Mg has no apparent effect [103, 104]. The introduction
of F into the lattice structure of apatite can be beneficial in terms of cell adhesion,
proliferation and tissue formation. When comparing the attachment of human osteoblastic
cells on HA blended with fluorapatite, from 0% to 100%, the best adhesion and proliferation
were observed on the sample with 40% fluorapatite, which also demonstrated a higher level of
mRNA and bone formation [105]. However, an inhibited cell colonial growth as well as DNA
breakage was observed on fluorapatite and fluor-HA, indicating a role for cytotoxicity and
genotoxity [106].
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1.4.2.2 The influence of surface roughness
Cell adhesion, proliferation and detachment are sensitive to surface roughness in nano- and
micro-scale [107-109]. When comparing the adhesion of human bone marrow stromal cell on
HA disc polished with SiC paper 180-, 600-, and 1200-grit, Deligianni et al. (2000) observed
that although cell differentiation was similar on all surfaces, cell adhesion, proliferation and
detachment strength were increased with the increased surface roughness [108]. Human bone
marrow cell differentiation evaluated by the expression of alkaline phosphatase activity was
the same on HA pellets polished with 180-, 600- and 1200-grit SiC paper, but both cell
adhesion and proliferation were observed to increase with HA surface roughness [111, 112].
1.4.2.3 The influence of crystal morphology and coating topography
The crystal morphology and the coating topography can be quite different depending on the
coating method. Human bone marrow cells displayed a guided growing pattern on
SiC-paper-ground HA surfaces, aligned along the mechanically produced grooves [108].
When compared to spherical HA particles, needle-shaped HA could stimulate a higher
production of cytokines [110]. Needle-shaped HA could also stimulate a more efficient
differentiation of primary human bone derived cells, demonstrating a higher osteogenic gene
expression as well as alkaline phosphatase activity in comparison with spherical and
rod-shaped HA [110]. Large plate-shaped (approximately 2 µm wide) biomimetic HA was
reported to induce the highest expression of osteocalcin and bone sialoprotein in a 3-week
MC3T3-E1 preosteoblast culture when compared to spherical-shaped and nano-plate shaped
HA [111]. Plate-shaped electrochemically deposited HA coating on Ti6Al4V also appeared to
be more advantageous in promoting the integration of mineralised tissues into the coating
than a plasma-sprayed one, which was comparatively smoother and less textured ones [76].
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1.4.2.4 The influence of crystallinity
Crystallinity of the coating influences in vivo mineralisation mainly through a difference in
dissolution rate. Plasma-sprayed HA, for example, due to its lower crystallinity and thus
higher solubility in vivo, contributes Ca2+ and PO43- ions which assist local mineralisation and
accelerate new bone formation and/or are involved in cell signalling. Thus, its effect is
prominent from an early stage of implantation [76]. However, low crystallinity may lead to
final failure of the implant due to its quick dissolution and thus an early exposure of the graft
to the body fluid [112], while a more highly crystalline HA with lower dissolution rate is more
efficient at catalysing new bone formation in the long run [113]. Increased alkaline
phosphatase-specific activity, cell-surface and matrix-associated protein and osteocalcin
production were found on HA with higher crystallinity [114]. Osteoblast adhesion was found
to be higher on annealed pulsed laser deposited HA coated titanium with more defined
cytoskeletal actin organisation as well as higher cell activity and alkaline phosphatase
production than on the untreated one, attributed to a higher crystallinity of the coating [115].
1.5 Bacterial adhesion, proliferation and biofilm formation
1.5.0 Preface
Bacteria are some of the oldest living organisms on this planet. They were the dominant form
of life on Earth for more than 3 billion years, and still form much of the world’s biomass
today.
Bacteria are closely associated with almost every aspect of human life. Bacterial infection is a
major cause of human and animal diseases and even death. Microbial-induced infection is a
well known cause of implant failure [116]. When a device is grafted into the body,
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inflammation takes place in neighbouring areas, and surrounding tissue begins to repair itself
in order to restore its functional activity. However, bacterial adhesion to the implant surfaces
and the formation of a complex biofilm during this procedure can easily result in subsequent
infection. There is evidence of biofilm formation in vivo on many devices including catheters,
artificial joints and heart valves [117]. The initial adhesion of bacteria to implant surfaces is
believed to be one of the major steps in the pathogenesis of foreign body infections. Hence, it
is of great importance to understand the factors affecting bacterial adhesion, proliferation and
the subsequent biofilm formation on implant surfaces.
On the other hand, bacteria can be beneficial: for instance, in biomineralisation, a process
during which various minerals are accumulated by the microbial organisms from the
environment. A range of different mechanisms are often involved [118], as discussed further
later.
1.5.1 Bacteria
Bacteria can be separated into three groups using Gram staining separates: Gram-positive,
Gram-negative and Gram-variable. After staining, those that are violet or dark blue are
Gram-positive, red or pink Gram-negative and those that cannot be classified Gram-variable.
This is because of the compositional difference of the cell walls. A network of peptidoglycan
is the basic structural unit of a bacterial cell wall which offers the necessary strength and
rigidity to maintain the bacterial shape and to protect them against osmotic lysis. The
structures of the Gram-positive and Gram-negative bacterial cell walls are quite different. The
Gram-positive cell wall is mainly composed of multilayered peptidoglycan with embedded
proteins, teichoic and lipoteichoic acids (Figure 1. 9), whereas the Gram-negative cell wall is
much more complicated. As well as the peptidoglycan layer, it also contains an outer
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membrane with a separation layer of periplasmic space in between (Figure 1. 10).
Lipopolysaccharide molecules extend from the outer membrane into the extracellular space.
The outer membrane also contains porins which allow the passage across the membrane of
small hydrophilic molecules [119].

Figure 1. 9 Schematic representation of a Gram-positive bacterial cell wall (adapted from
[120])
PG: cross-linked peptidoglycan. PM: plasma cell membrane composed of protein (Pr),
phospholipid (Pl) and glycolipid (Gl). SP: covalently linked secondary cell wall polymers
such as teichoic acids, teichuronic acids and polysaccharides. B: basal body of flagellum. Pw:
noncovalently linked proteins within the peptidoglycan matrix and part of the glycocalyx
region. Pg (globular) and Pf (fibrillar) are covalently associated proteins on the surface of
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peptidoglycan. aLTA: acylated lipoteichoic acid. aLTAx: excreted lipoteichoic acid. dLTAx:
deacylated extracellular LTA. LTAt: peptidoglycan net. L: excreted lipids. Pe: excreted
proteins. W: wall turnover products. G: glycocalyx region.

Figure 1. 10 Schematic representation of a Gram-negative bacterial cell wall (adapted from
[120])
OM: outer membrane. PG: peptidoglycan monolayer. P: periplasm. PM: inner plasma
membrane. A: attachment points of the outer and inner membranes. B: basal body of flagella.
Pl: phospholipid. Gl: glycolipid. Pr: proteins. s/rLPS: smooth/rough lipopolysaccharide. ECA:
enterobacterial common antigens (polysaccharide polymer). LP: lipoprotein. MP: matrix
protein. Po: porin. F: fimbriae. Pa: outer membrane-associated protein. Pe: extracellular
protein. OMe: excreted outer membrane fragments. G: extracellular capsular polysaccharide.
There are many appendages attached on the cell wall, which are essential for cell movement
and important during cell attachment and biofilm formation. The flagellum enables the
bacterium to move. Its rotation, driven by torque converted from electrochemical energy by
the flagellar motor, confers motility to the cell [121]. Pili are the most abundant cell surface
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appendages and are believed to be crucial for bacterial attachment and biofilm formation.
They are usually linear, unbranched polymers, forming either thin fibrillar structures or thick
helically wound rod-shape fimbriae. Curli form the major proteinaceous component of the
extracellular matrix and are able to promote cell adhesion and invasion [122].
1.5.2 Bacterial adhesion
During bacterial adhesion, a planktonic bacterium swims toward or is moved near a solid
surface and attaches irreversibly to the substratum after a series of physical and chemical
reactions. This procedure can be divided into two stages, a reversible physical contact phase
(including the initial attraction) and a time-dependent phase of irreversible chemical and
molecular adherence [123].
The bacterium is attracted to a surface by physical forces such as Brownian motion, van der
Waals attraction, gravitational forces, surface electrostatic charge and hydrophobic
interactions. After physical contacts, the subsequent reactions at the bacterium-substratum
interface lead to an irreversible adhesion, which is still far from totally understood. In general,
it is believed that during this procedure, the bacterium produces substances called adhesins,
which bind to proteins adsorbed onto the surface of the substrate. A firmer adhesion is
achieved with the presence of capsules, flagella and pili which can fasten the bacterium to the
surface and overcome the repulsive forces associated with the substratum [124].
This procedure can be affected by a number of factors, including the bacteria themselves,
substrate properties and environmental contributions [123]. Hydrophobicity of both the
bacteria and the substrate are of major importance [125-128]. While the hydrophobic bacteria
preferentially colonise hydrophobic substrates, the hydrophilic ones like the hydrophilic
surfaces better. The presence of certain bacterial structures is also important. Donlan
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concluded that cell surface polymers with nonpolar sites such as fimbriae, other proteinaceous
structures and components of certain Gram-positive bacteria (mycolic acids) appear to
dominate attachment to hydrophobic surfaces, while EPS and LPS are more important in
attachment to hydrophilic material [129]. Bacterial adhesion is also expressed as a process
during which charge transfer happens between the bacterial surface proteins and the
substratum. Pootinga et al. found that the potential of a semiconducting indium tin oxide
coated glass was closely related to the amount of attached bacteria [130]. However, they also
observed that the charge transfer involved in the process had only a weak effect on bacterial
attachment (the initial 4 hours) [131]. Other characteristics such as chemical composition,
roughness and topography can also significantly affect the adhesive behaviour. Bacterial
growth can be inhibited on surfaces containing or coated with antibiotics, saliva and metal
ions to which they are sensitive [125, 132]. Bacteria are generally thought to attach better on
rougher surfaces with higher surface area and thus more anchoring sites [133]. However, the
role of surface roughness is still quite controversial. There were reports that increased
roughness at the nano-scale did not promote but weakly inhibited Staphylococcus epidermidis
adhesion because of the reduced adhesion strength [134]. Pseudomonas mutants were
observed to be more dependent on flow direction rather than surface roughness [135].
1.5.3 Bacterial proliferation
Bacterial proliferation is achieved by growth and division. For example, a rod shaped
bacterium elongates until it doubles in length while remaining constant in width. A division
then happens at approximately the midpoint of the cell and both the daughter bacteria
continue similar growth modes [136]. It is hypothesised that selective synthesis of new cell
walls at particular locations is responsible for maintaining the new cell morphology during
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bacterial growth [119]. During the elongation of Escherichia coli, the peptidoglycan at the
poles is inert and functions as a rigid support for the overall cell morphology. In other species,
such as Corynebacterium diphtheriae, however, new walls are synthesised at cell pores.
Division is always accomplished with the newly formed peptidoglycan (orange in Figure 1. 11)
at the division sites, the middle points of the elongated cells.

Figure 1. 11 Bacterial growth and division (adapted from [119])
Green: the original cell wall; yellow: the newly formed peptidoglycan during cell growth;
orange: the newly formed peptidoglycan during cell division.
1.5.4 The formation of biofilms
During or following adhesion, the cells proliferate to form colonies which spread to form
biofilm covering the surface. Figure 1. 12 is a schematic diagram of a typical biofilm
development model. After the initial attachment (stage 1) and subsequent irreversible
adhesion (stage 2), initial biofilm growth occurs (stage 3), mainly by colonial growth from
single cell division [124]. These colonies develop further to a mature porous biofilm, forming
typical colony features such as ‘mushrooms’ (stage 4) [124, 137]. Rather than being stable
and steady, its structure is dynamic, driven by factors such as the redistribution of the attached
bacteria via cell motility. It is believed that this heterogeneous architecture is essential as the
pores and pathways form ‘water channels’ for the transport of oxygen and nutrients
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throughout the biofilm [138]. When biofilm growth is not governed by nutrient transfer rate
but other factors such as bacterial metabolism, a compact and homogeneous structure is more
likely to form [139]. Detachment from the matured bacterial protrusions (stage 5) is common,
due to reasons such as nutrient exhaustion, medium flow and surface stress condition [140] by
means of twitching motility driven by pili [124], or as a simple result of physical detachment
due to flow shear. As a result, the detached bacteria migrate to new sites and start a new cycle
of bacterial colony growth. A cell-density dependent signalling process, quorum sensing, can
also be utilised by many bacteria to regulate biofilm density through gene expression in order
to achieve an optimized physiological environment [141]. The density of the biofilm is
adjusted through a mechanism controlled by factors that are important during biofilm
formation, such as the synthesis of LPS [142] and the cell viability [143].

Figure 1. 12 Models of the development of a mature biofilm (adapted from [138])
1: Stage 1, initial bacterial attachment. 2: Stage 2, firmer attachment as a result of the
production

of

extracellular

polymer

substances.

3:

Stage

3,

early

biofilm

development-bacterial colonial growth. 4: Stage 4, mature biofilm architecture, with
mushroom-shape protrusions. 5: Stage 5, bacterial detachment.
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The ability of bacteria to form biofilm, and the structures of the mature biofilms, vary from
species to species, as certain bacterial structures can significantly facilitate biofilm growth.
Cell appendages are crucial. They help to shape the structure of the mature biofilm. For
instance, in a flow chamber with citrate minimal medium, Pseudomonas aeruginosa bacteria,
with and without type IV pili, formed quite different biofilms: an irregular structure with
protruding mushrooms for the non-motile

pilA and

pilA fliM mutants, whilst a flat

biofilm was produced by the wild-type bacteria which was attributed to a twitching-motility
powered by extension and retraction of type IV pili [124, 144]. The production of
extracellular polymer matrix (EPM) also makes a difference. EPM is a slime-like bacterial
secretion. It is highly hydrated and composed of polysaccharides, proteins and nucleic acids.
EPM is often considered as the support for biofilm growth, to protect bacteria from the outer
environment and help to define the biofilm structure [117, 138].
Biofilms are sensitive to the environment. Factors such as flow rate (flow shear), nutrient
supply and temperature significantly alter the biofilm structure, thickness, density and
morphology. For example, biofilms formed in nature always develop to patterns which mimic
to the flow patterns in the environment [145]. The level of shear forces, the biofilm growth
rate and the presence of protuberances can increase detachment, while substrate loading rate
can accelerate the growth process [146]. The structure of the biofilm may be dependent on the
carbon source used to support growth. For example, in the presence of citrate, benzoate or
casamino acids, the mature P. aeruginosa biofilm appeared to be flat, but it was
heterogeneous and with mushroom-shaped multicellular structures when glucose was used.
The properties of the supporting substrate are also important. In general, biofilms develop
more rapidly on rougher and more hydrophobic surfaces, but with exceptions [117]. Substrate
roughness can affect the biofilm by influencing the convective mass transport of nutrients,
39

Chapter 1

oxygen and water near the surface, providing shelter from shear forces and offering more
anchoring sites for bacteria [147]. The biofilm thickness and surface morphology are thus a
combined result of the conditions mentioned above.
1.5.5 Bacterial interaction with titanium
To understand bacterial adhesion and biofilm formation on titanium is of great significance,
due to the extensive use of titanium in biomedical devices and the potential for implant failure
after implantation caused by bacteria-induced infection. As a consequence, most of the
research in this field is focused on the antibacterial properties of titanium through various
surface modifications, either by altering the surface topography and roughness [148], or
through certain chemical treatments such as ion implantation [149] and antibacterial coatings
[150]. For example, a surface roughness above Ra=0.2 m, considered as a threshold value,
was reported to increase plaque accumulation on intraoral hard surfaces [133]. The surface
topography also matters. Bacterial adherence (Staphylococcus aureas, Staphylococcus
epidermidis and Pseudomonas aeruginosa) was reduced on electron beam evaporised
nano-textured titanium surface [148], and both Staphylococcus aureas and Pseudomonas
aeruginosa were found to attach better to nano-crystalline titanium due to the increase in
surface roughness at the nano-scale [151]. Although bacteria preferentially colonise rougher
surfaces, the effects of surface roughness and topography are not as prominent as that of
chemical composition (antibacterial components) [152]. F- and Ag+ are well-accepted
anti-bacterial components and their incorporation into titanium surfaces either by coating or
ion implantation can significantly inhibit bacterial colonisation [152-154]. A more popular
approach involves functionalised polymer coatings, such as silk [155], poly(methyl
methacrylate) (PMMA) modified with carboxylate and sulphonate [156] and polysaccharides
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conjugated with carboxymethyl chitosan [150], to inhibit bacterial adhesion as well as to
enhance osteoblast cell adhesion.
However, despite the abundant usage of titanium as a biomaterial and the importance of the
bacterial contribution to the final device failure, surprisingly little has been studied about the
influence of the metallurgical features of titanium and its alloys on bacterial adhesion and
proliferation. A thorough understanding of these aspects could be extremely helpful since
most of these features are closely related to the manufacturing method. For example, refined
grains, preferential grain orientations and twinning are common in cold- rolled material [157].
A nano-crystalline structure can be achieved through heavy plastic deformation such as equal
channel angular pressing [158]. Direct laser deposition usually leads to the formation of long
columnar grains [159].
1.6 Biomineralisation of HA via Serratia
The formation of biofilm has been intensely studied not only because of the numerous
problems they caused due to their accumulation, but because of their ability to be ‘tamed’ for
various commercial purposes. Biomineralisation is one amongst many potential applications.
Biomineralisation is a process during which living organisms produce minerals. It is fairly
common, such as in the formation of bone and urinary stones in vivo [160], heavy metal
immobilisation [161, 162] and, of interest here, the formation of nano-phase calcium deficient
HA by the bacterium Serratia sp. NCIMB 40259 [163, 164].
1.6.1 Mechanisms of biomineralisation
Proteins embedded in bacterial cell walls are intimately associated with metal ions. Mg2+ and
Ca2+, for example, exist naturally on the cell surface as structural components [120].
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Moreover, the flexible polymer wall structure of the cells encourages the adsorption of
various metals in certain salt forms. The accumulation of these minerals from the environment
is called biomineralisation.
1.6.1.1 Biosorption
Biosorption encompasses the physical/chemical bindings of metal ions to the bacterial cell
surface. It is driven by ion exchange, chelation, adsorption, diffusion, electrostatic and
hydrophobic interactions, or by physical forces [118, 165]. Metal ions often diffuse through
cell walls and concentrate in inter- or intra-fibrillar capillaries and spaces within the
polysaccharide network. Ni2+ and Pb2+ were found to be taken up by Phanerochaete
chrysosporium within 30 min, followed by a comparatively slow intracellular diffusion for
around 3h to reach a final contact [166]. Bacterial structural components such as acetamido
groups, polysaccharides, amino, amido, sulfhydryl and carboxyl groups are considered
responsible in attracting and sequestering the metal ions [167]. The extracellular polymer
matrix (EPM) is important as it is believed to be able to assist the biomineralisation process as
a nucleus for crystal deposition.
The reactions during the process are complex and can be influenced by a number of factors.
Pannanelli concluded that the adsorption of metals as Cu, Cd, and Fe by Arthrobacter sp. was
mediated by ion exchange when the solution pH was lower than 5, otherwise probably
through precipitation or co-precipitation on the cell wall surface [168]. The optimum pH
range to remove Pd and Zn via Streptoverticillium cinnanoneum was different: 3.5-4.5 and
5.0-6.0, respectively [169]. The existence of competing ions was also found to be important
[170].
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1.6.1.2 Metal entrapment via bacteria catalysed oxidation
Bacteria can catalyse the oxidation of metals like Fe2+, As3+ and Mn2+. Numerous bacterial
species are responsible for the oxidation of Fe2+ and As3+ in acid-sulfate-chloride geothermal
springs [171]. They catalyse oxidation of Fe2+ to produce Fe3+ oxyhydroxide which
precipitates internally or externally to the cell walls. Bacteria-bound proteins are of great
importance during this process. Escherichia coli was reported to be able to oxidise vapor Hg
to water soluble Hg2+, which was attributed to a bacterial reaction catalysed by
hydroperoxidases [172]. The protein Mms6 in Magnetospirillum magneticum AMB-1 showed
iron binding activity, leading to the oxidation of ferrous hydroxide [173]. This protein was
regarded as a template for nucleus formation and/or a growth regulator. As a result of the
aggregation of the N-terminal region of protein Mms6, the negatively charged C-terminal
region faced out and attracted cations such as Fe2+/Fe3+, providing a nucleation site for iron
precipitation.
1.6.1.3 Sulphide precipitation
Sulphide-reducing bacteria can remove a wide range of metals, such as Fe, Zn, Cu, Pb, Ni and
Cd from solution as highly insoluble sulphides [118]. Electron transfers are often involved in
the process, with an organic substance as electron donor and the sulphur compound as
electron acceptor. For example, with the cooperation of SO42-, bacteria can consume lactate,
possibly through an organic carbon-consuming reaction, to produce acetate, CO2 and H2S
(Equation 1. 12). Metal ions (Fe2+/Zn2+) react further with the aqueous H2S and precipitate as
insoluble salts (FeS/ZnS, Equation 1. 13) [174].
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Other mechanisms may also be involved, for example, microbial-catalysed metal reduction.
Desulfotomaculum auripigmentum was able to reduce As5+ to As3+ [175]. The subsequent
precipitation of As3+ and S2- as As2S3 was as expected since the compound has lower energy
and was thus more stable.
1.6.1.4 Phosphate precipitation
The precipitation of metal ions as phosphates is another important method to remove heavy
elements from solutions. A Citrobacter sp. (now renamed as Serratia) accumulated uranyl
ions (UO2+) as NH4UO2PO4 or NaUO2PO4 [176]. Lipopolysaccharide (LPS) from the outer
cell membrane was proposed to be the initial nucleation site due to the existence of phosphate
groups within the structure [177]. This nucleation process intercepts the metals and thus
protects the enzymes responsible for the cleavage and release of HPO42- from organic
phosphate [177]. It is the continuous diffusion of metal ions inward and HPO42- outward that
further facilitates the precipitation reactions [177]. The phospholipid groups of the
double-membrane and outer-membrane-bound phosphatase may also contribute to the metal
deposition, as a second nucleation and consolidation route [177]. Metal phosphates
synthesised in this manner are often restrained within a mesh of fibrils or vesicles, allowing
further diffusion, both incoming and outgoing [177].
1.6.2 Serratia and biomineralisation of HA
A Serratia sp., formerly identified as Citrobacter, was reported to accumulate HA at the
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expense of CaCl2 and organic phosphate and was proposed as a possible method for purifying
waste water [178]. Serratia is a rod-shaped, Gram-negative, non-pathogenic bacterium with
basic bacterial structures such as a double-layered cell wall on which are cell appendages such
as curli, fimbriae and the flagella. While curli and fimbriae immobilise the cell during the
biofilm formation, the flagella enable bacterial mobility inside the solution. An acid-type
phosphatase enzyme (PhoN) is produced inside the periplasm within the double-membrane
cell wall and can be exported through the outer membrane. It is this enzyme which catalyses
the formation of HA both inside and outside the cell wall. Figure 1. 13 is a schematic diagram
illustrating a possible mechanism of HA formation, based on the work of Macaskie et al. [162,
163, 178]. LPS is the initial nucleation sites where Ca2+ is bonded to the PO43- functional part.
The phosphatase enzyme catalyses the cleavage of organic phosphate ( -glycerol phosphate)
from the solution and releases HPO42-, which reacts with the entrapped Ca2+ on LPS to form a
HA nucleus. Crystals grow further by a continuous diffusion of Ca2+ inward and HPO42outward and the reaction between these ions. As mentioned in 1.6.1, the crystals are restrained
within a meshwork of fibrils or vesicles and are thus nano-scale in dimension [177].
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Figure 1. 13 Biomineralisation of HA by bacteria Serratia
1. Inner membrane; 2. Periplasm; 3. Outer membrane; 4. Acid phosphatase enzyme; 5. LPS; 6:
-GP.
a: Nucleation: initial interception of Ca2+ by the phosphate group within the LPS structure.
b: Reaction between the intercepted Ca2+ with HPO42- which is cleaved and released by acid
phosphatase enzyme, both inside the periplasm and on the outer membrane.
c: HA crystal growth: further precipitation of the incoming Ca2+ and the outgoing HPO42-.
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1.7 Aims and Objectives
The overall aim of this study is to evaluate the use of Serratia biomineralisation as a means of
producing an HA coating on titanium substrates for biomedical and other applications. In the
first part of this work, bacterial adhesion, proliferation and subsequent biofilm formation on
various titanium substrates will be analysed in detail (Objectives 1, 2, 3, and 4). This research
is of major clinical significance because of the importance of infection, and serves as a
foundation for the subsequent study of mineralisation of HA on titanium via Serratia.
Orthopaedic implants are often coated with HA to facilitate cell attachment and to promote
bone ingrowth. As a result, a faster and stronger bond can be achieved between the implant
and the biological tissues. Serratia biomineralisation was developed as a coating method by
previous researchers [163, 164, 178, 179]. In this study, its potential to apply HA coatings on
titanium substrates and the properties of the biomineralised HA coating will be evaluated in
detail (Objectives 5 and 6).
The objectives of the project are:
Bacterial interaction with titanium surfaces
1. To establish a non-destructive method to study the relationship between bacterial
distribution and metal alloy structure using electron microscopy.
So far, only a few studies have been reported on the relationship between microbial
distribution and metal surface alloy structure. However, the methods employed have various
drawbacks. For example, some do not take into account the influence of surface roughness
[180]; some do not directly examine the substrate but require further polishing and etching of
the specimen to record the metal microstructure [181]; some can only offer general
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information on the cell distribution on specimens but fail to provide information at the
micro-scale level [182]. This work aims to establish a non-destructive method to examine the
influence of titanium alloy microstructure on bacterial distribution directly, based on
backscattered electron microscopy, electron backscattered diffraction and statistical image
analysis.
2. To analyse the influence of titanium microstructure and alloying composition on
bacterial adhesion and proliferation.
As potential bacterial adhesion and proliferation stimuli, the influence of the grain boundaries
and grain orientation of pure titanium on representative Gram-positive and Gram-negative
bacterial adhesion and proliferation will be investigated using the method established in
Objective 1. The influence of the alloying elements in Ti 64 will also be studied in
comparison with pure titanium, aluminium and vanadium.
3. To examine the influence of titanium surface properties on Serratia biofilm
formation.
Mature biofilm development on different titanium surfaces has been rarely studied, however
this is of great importance because of its role in clinical infection. In order to understand the
influence of titanium surface properties on biofilm formation, Serratia biofilms will be grown
on titanium substrates subjected to different surface treatments. The morphology of the
biofilm and the amount of bacteria associated within the biofilm will be compared on
differently treated surfaces, and the influence of titanium surface roughness, wettability and
topography on biofilm formation will be investigated.
4. To analyse Serratia biofilm formation on a porous titanium scaffold.
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Recent research concerning porous titanium for clinical applications has usually focused on
mammalian cell adhesion and proliferation but knowledge of bacterial biofilm development
on these scaffolds is still limited. This study will provide information on Serratia biofilm
growth on a porous titanium wire mesh. Micro X-ray CT will be evaluated as a method to
visualise bacterial distribution within the metal structure.
Serratia biomineralisation
The Serratia HA coatings will be studied on an Al2O3 grit-blasted pure titanium disc and on a
porous titanium mesh.
5. To coat titanium with HA via Serratia biomineralisation and to characterise the
crystal coatings.
The Serratia HA coated titanium system is composed of three components: the metal
substrate, the Serratia biofilm and the HA crystals. Thus, in order to thoroughly characterise
the coating properties, all these aspects will be considered. The relationship of the crystal
coating structure to that of the biofilm and the substrate properties will be explored (extending
Objective 3. On Al2O3 grit-blasted surfaces a combination of FIB/SEM/TEM cross section
studies will be used to compare the crystals adjacent to the metal surface with those from the
coating bulk. The crystal coatings will also be studied on titanium subjected to an alkali
treatment (as used to promote HA formation from simulated body fluid) in comparison with
untreated Ti and the influence of mineralisation solution ion concentration on the crystal
composition and morphology will be examined.
6. To determine the influence of heat treatment on Serratia HA coated titanium
To avoid an inflammatory response after implantation, the Serratia HA coated titanium must
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be heated to a sufficiently high temperature to destroy the biomass and all pyrogens. Sintering
will not only affect the crystal coating, but also alter the structure of the titanium substrate.
Therefore, the structure of the crystal coating, titanium substrate and the coating-substrate
interface after sintering will be investigated both on titanium discs and on the porous mesh.
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Chapter 2 Experimental methods

2.1 Choice of bacteria, bacterial adhesion and proliferation
Bacterial interaction with implant surfaces such as titanium can be influenced by numerous
factors, among which the substrate surface properties have a major effect [1, 2]. The effect of
titanium alloy structure bacterial adhesion and proliferation is investigated in this section.
Two Gram-positive bacteria, Staphylococcus epidermidis 11047 (S. epidermidis) and
Streptococcus sanguinis GW2 (S. sanguinis) and two Gram-negative ones, Escherichia coli
10418 (E. coli) and Serratia sp. NCIMB 40259 (Serratia) were allowed to adhere to, and to
proliferate on the metal substrates. S. epidermidis colonise the skin and mucous membrane of
human body and are a major cause of nosocomial infections [3]. It is one of the most
commonly isolated aerobic microbe from medical implant-infections. S. sanguinis often
present in anaerobic environment such as in the human oral cavity. Their colonisation plays a
major role in the initial stages of formation of dental plaque [4]. E.coli was used as a typical
example of a Gram-negative bacterium usually present within the gut. Serratia was a
Gram-negative bacterium closely related to E. coli. Compared with E. coli, Serratia is
non-pathogenic and is more usually an environmental microorganism and, as such, would be
more expected to form biofilms since the latter is the preferred format in nature. Serratia was
also selected as a foundation for subsequent work on biofilm formation and biomineralisation.
2.1.1 Substrate preparation
Commercially pure titanium (CP Ti, TIMET, UK) and Ti6Al4V (Ti 64, TIMET, UK) discs
with a diameter of 10 mm were ground and polished using a series of waterproof silicon
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carbide papers (Struers, UK), from #400 to #1200, followed by a 9 μm diamond suspension
(Struers, UK) and activated colloidal silica solution (Struers, UK). Polished pure aluminium
(Goodfellows, UK) and vanadium (provided by Dr. Mark Ward, School of Metallurgy and
Materials, University of Birmingham) discs prepared by the same procedure were used as
controls. The specimens were cleaned in acetone, ethanol and distilled water in sequence in an
ultrasonic bath, for 10 min in each solution.
2.1.2 Bacterial adhesion
The bacteria were grown in tryptone soya broth (TSB) overnight and harvested by
centrifugation at 3000 rpm at 4 °C for 10 min (SANYO HARRIER 18/80). The growth
conditions for each type of bacterium are listed in Table 2. 1. The cells were washed in sterile
phosphate buffered saline (PBS) twice and resuspended in PBS to an optical density at 600
nm wavelength (OD600) of 0.05. The OD600 was read using a BOECO s-22 UV/Vis
Spectrophotometre with distilled water as a reference. PBS was used as a non-nutrient
suspension medium to prevent bacterial proliferation. The metal discs were suspended
vertically in the bacterial suspension and incubated in the same conditions used for the culture
preparation for four hours.
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Table 2. 1 Bacteria growth conditions

Bacteria

Temperature*

Serratia

30°C

E. coli

37°C

S. epidermidis

37°C

S. sanguinis

36°C

Atmosphere
Air
(GALLENKAMP Plus II Incubator)
Air
(GALLENKAMP Plus II Incubator)
Air
(GALLENKAMP Plus II Incubator)
80% N2, 10% CO2 and 10% H2
(mini MACS Anaerobic Workstation)

*Serratia was grown at 30 °C since as an environmental bacterium, its optimum growth
condition (temperature) is lower than that of a pathogen, such as E. coli which was incubated
at 37oC. The aerobic (S. epidermidis) and anaerobic (S. sanguinis) conditions reflect the
normal growth format of these strains.
2.1.3 Serratia proliferation on titanium substrates
Carbon-limited minimal medium was prepared according to a previous study [5] by
aseptically combining sterile ionic medium and lactose solution, as seen in Table 2. 2.
Serratia was cultured in 100 ml carbon-limited minimal medium in a shaking incubator (150
rpm) at 30°C for 72 hours (GALLENKAMP Plus II Incubator) to grow a primary culture. 10
ml of this primary culture were combined with 100 ml minimal medium and cultured for a
further 72 hours to grow a secondary culture. This procedure promoted the development of
fimbriae which are required for biofilm formation by this bacterium [6]. The metal samples
were then suspended vertically in 200 ml of the secondary culture diluted with minimal
medium to an OD600 of approximately 0.05 and incubated at 30°C for 24 hours to allow
bacterial proliferation.
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Table 2. 2 The chemical composition of the carbon-limited minimal medium

Ionic medium, pH adjusted to 7.2~7.3 with HCl
Tris buffer, (HOCH2)3CNH2,

Sigma 7-9

USA

12 g/L

KCl

Sigma USA

0.62 g/L

(NH4)2HPO4

Fisons UK

0.96 g/L

MgSO4·7H2O

Aldrich UK

0.063 g/L

FeSO4·7H2O

BDH UK

0.00032 g/L

Polypropylene glycol

Sigma UK

5 L/L

Lactose medium
Lactose

Oxoid UK

0.6 g/L

2.2 Serratia biofilm formation on titanium substrates
2.2.1 Substrate preparation
Pure titanium discs supplied by commercial companies (for another cell culture study) which
had received six different surface treatments, as detailed in Table 2. 3, were used as substrates
for comparison of biofilm formation. These titanium discs, together with porous pure titanium
mesh referred to as ‘titanium web’ (Hi-Lex Corp. Ltd, Japan) were directly loaded into an
air-lift fermenter described below. The titanium web was designed as a mammalian cell carrier,
and has been shown to lead to rapid bone formation in vivo [7, 8].
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Table 2. 3 Titanium substrates

Sample ID

Surface treatments

Ti1

50 μm Al2O3 grit blasted pure titanium (at 5.5 MPa for 60 s)

Ti2

Mirror polished pure titanium (prepared as described in 2.1.1)

Ti3
Ti4

Grit blasted ‘Deep Profile Surface’ (DPS) Titanium discs FRIOS®
10-5016, DENTSPLY FRIADENT Mannheim, Germany
Plasma sprayed Titanium discs (TPS) Fa. Oraltronics, Bremen,
Germany

Ti5

Acid etched Titanium discs Fa. Oraltronics, Bremen, Germany

Ti6

Grit blasted and Plus surface titanium discs FRIANDENT FRIOS®
00-055290, DENTSPLY FRIADENT Mannheim, Germany

2.2.2 Biofilm formation: fermentation
Biofilm was grown in vitro in an air-lift fermenter. Secondary Serratia culture was prepared
as previously described in § 2.1.3.
Acid phosphatase enzyme activity assay
The acid phosphatase enzyme specific activity (Sp. Act) of the bacteria cultures was measured,
and only those with the value higher than 1000 were used. A high phosphatase enzyme
activity is important for biofilm formation and biomineralisation [6].
Specific activity was determined by the analysis of the p-nitrophenol (pNP) released from
p-nitrophenyl phosphate (p-NPP) catalysed by the bacteria-produced enzyme [9]. The
released pNP showed a bright yellow colour whose absorbance was recorded to calculate Sp.
Act.
For the phosphatase activity assay, 1 ml of the bacterial suspension was diluted with 1 ml 20
mM MOPS buffer (3-(N-morpholino)-propane-sulphonic acid, Sigma USA, adjusted to
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pH=7.0) and 0.4 ml 32 mM p-NPP (Acros Organics USA) was added. 5 ml 0.2 M NaOH was
added later to stop the reaction, with the time of the reaction recorded. The absorbance was
then read at wavelength 410 nm using a spectrophotometer (Boeco, S-22). A reference was
obtained by adding NaOH before p-NPP. The optical density of the original bacterial
suspension was also measured at 600 nm (OD600), with distilled water as reference.
Bacterial acid phosphatase enzyme specific activity (unit: nmol of pNP liberated per minute
per mg bacterial protein) can be calculated by the equation below [9]:

Sp.Act

A 109
410

7.4
1
1000 0.278 1 OD 600 t

Here,

A
7.4/1000

410

0.278

1

OD600

t

Absorbance at 410 nm due to the liberated pNP
Dilution factor of the assay
Molar extinction coefficient (M-1 cm-1) of pNP at
410 nm under the conditions of the assay, obtained
from the pNP standard curve which was prepared
using the assay solution. (A value of 18472 was
used for the conditions described.)
The 1 ml protein content at OD600, which was
0.278 mg ml-1 at OD600 = 1.000 by the Lowry
method.
Time of the assay in minutes.

Fermenter column assembly
Figure 2. 1 shows the air-lift fermenter assembly used in this work. Titanium substrates were
loaded inside the fermenter body (300 ml capacity) and the assembled fermenter apparatus
was autoclaved at 121 °C for 20 minutes (1 bar pressure) (Prestige Medical autoclave). 30 ml
of the secondary culture was injected aseptically into the sterilised fermenter body through the
‘culture inlet’ in Figure 2. 1a and minimal medium was pumped in through ‘medium inflow’
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to fill up the fermenter. The whole assembly was stood in a water bath at 30 °C. After 24
hours, the medium inflow was turned to continuous mode at a controlled speed of 30 ml/h for
another 6 days. The fermenter body was wrapped in an aluminium foil to avoid potential
photocatalytic inactivation of the bacteria due to the interaction between light and the thin
oxide film on the titanium discs (TiO2) and the subsequent formation of highly oxidising
hydroxyl radicals ( OH) which will attack the bacterial cell wall [10, 11].
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Figure 2. 1 The air-lift fermenter apparatus
a: A schematic diagram of the fermenter set.
1. Silicone fermenter stopper; 2. Fermenter body; 3. Glass central partition; 4. Water bath; 5.
Metal samples; 6. Medium inflow; 7. Culture inlet; 8. Air outlet with air filter; 9. Culture
outflow.
b: The assembled fermenter apparatus.
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It was observed that if the samples were arranged in a string as illustrated in Figure 2. 1a, the
thickness of the biofilm differed a lot, depending on the location of the sample within the
fermenter body and whether there were other structures around to stimulate biofilm growth,
such as porous substrates. The biofilm on specimens that were at the bottom of the fermenter
(1 in Figure 2. 2a), the closest to the medium and air supply, or adjacent to any porous
structure nearby (3 in Figure 2. 2a), usually tended to be thicker, whilst it was thinner on those
that were near the liquid surface (4 in Figure 2. 2a), or were shielded by another structure (5
in Figure 2.2a). To minimise these artifacts, the specimens (for the biofilm formation on
different titanium surfaces) were aligned in three horizontal rows on a wooden ladder
positioned randomly and far enough apart to avoid ‘shielding’, as shown in Figure 2. 2b. The
ladder was placed in the middle of the fermenter body.
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a

b

Figure 2. 2 Schematic drawing of sample locations in the fermenter
a: 1: A sample at the bottom of the fermenter body nearest to medium/air supply (7). 3: A
sample with a porous structure (2) nearby. 4: A sample at the surface of the liquid (top of the
fermenter) farthest from the medium/air supply. 5: A sample that is shielded by a certain
structure (6) another sample, for example.
b: Specimens arranged on a wooden ladder.
2.3 Biomineralisation of HA on titanium substrates
2.3.1 Substrate and biofilm preparation
Pure titanium discs grit blasted with 50 μm Al2O3 (Ti1 in Table 2. 3) were used as substrates
to support both biofilm and subsequent crystal coatings.
The Ti discs were treated with alkali and the influence of the alkali treatment on the bacterial
biomineralisation was studied. The grit blasted discs were rinsed in 10 M NaOH (Sigma UK)
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at 60 ºC for 24 hours. They were then heated to 600 ºC at 5 ºC/min in an air furnace (Elite
Thermal Systems Limited) and held for 1 hour before being furnace cooled. The substrates
were gently washed in distilled water before they were loaded into the fermenter for Serratia
biofilm growth. The porous titanium webs (Hi-Lex. Ltd, Japan) were selected to test the
ability of this method to apply a coating to a porous substrate.
Biofilm was pregrown on the titanium discs in the fermenter as described in § 2.2.2. To coat
the Ti web, fresh minimal medium was pumped through for 4 days instead of 6 to obtain a
thinner biofilm to avoid occluding the holes in the web.
2.3.2 Biomineralisation
Samples with the pregrown biofilms were arranged in a glass column (length: 250 mm;
diameter: 25 mm) filled with mineralisation solution consisting of 50 mM AMPSO buffer
(C7H16NNaO5S, adjusted to pH=8.6, Sigma UK), 25 mM CaCl2 (Sigma UK) and 50 mM
-glycerol phosphate ( -GP, C3H9O6P, BDH UK), based on a previous study results which
demonstrated that this mixture gave the highest crystal yield [9]. The apparatus, as shown in
Figure 2. 3, was left still for 24 hours for nucleation before the medium flow was turned to 1.5
ml/h for another nine days. Alternatively, the inflow was controlled at 15 ml/h. One sample
was taken out every day to examine the progress of the crystal formation during
mineralisation. The crystal coated titanium samples were dried at 60 ºC for 24 hours.
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2

1
a

b

Figure 2. 3 The bioreactor used for the biomineralisation.
a: A schematic diagram of the bioreactor. 1. Medium inflow; 2. Medium outflow.
b: The assembled bioreactor.
2.3.3 The influence of ion strength on crystal formation
Bacterial biomineralisation is sensitive to its environment such as ion concentration of the
mineralisation solution, which was investigated in this section. It is very difficult to
characterise systematically this influence directly on the crystal coatings obtained from §
2.3.2, due to reasons that was discussed in Chapter 8. Hence an artificial environment was
created to mimic several possible conditions that may interfere with the biomineralisation,
with either reduced calcium or phosphate (β-GP) source.
Bacterial suspensions were prepared according to Table 2. 4 with different ion concentrations.
20 ml of each solution was kept in a universal bottle and shaken at room temperature at a
speed of 150 rpm for three days. The white precipitates in each suspension were harvested by
centrifuging at 3000 rpm at 4 ºC for 10 min and dried at 60 ºC for 24 hours for further
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analysis.
Table 2. 4 The ionic composition of calcium/phosphate deficient conditions

AMPSO /mM
(pH=8.6)

CaCl2 /mM

-GP /mM

Serratia /OD600

50

2.5

50

0.5

50

25

5

0.5

Phosphate
excess condition
Calcium excess
condition

2.3.4 Heat treatment of coated titanium
Heat treatment of the nascent crystal coated titanium samples was carried out in an argon
protected furnace (Pyro THERM FURNACES). As seen in Figure 2. 4, the temperature was
ramped to 550 ºC at 5 ºC/min and held for 3 hours. This step was applied to burn off the
biomass and any residual organic components [9]. The samples were then further sintered at
800 ºC for 5 hours (route 1) or 10 hours (route 2) before they were cooled down at 5 ºC/min.
This was to sinter and consolidate the crystals.

Route 1
Route 2

o

Temprature

800 C 10 hours
o

800 C 5 hours
o

o

550 C
3 hours

5 C/min
o

o

5 C/min

5 C/min

o

5 C/min
Time

Figure 2. 4 Heat treatment routes
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2.4 Characterisation
2.4.1 Substrate water contact angle measurement
Water contact angle measurements (WCA) on the metal substrates were carried out using a
custom built contact angle goniometer. As shown in Figure 2. 5, distilled water was dropped
gently to the test surface using a 25μL syringe, during which process the shape of the water
drop was recorded continuously using a digital video camera. The (advancing) water contact
angle was measured using Camtel FTA200 software automatically. Three measurements were
taken from each sample at different locations and the average value was used.

Syringe tip

Water drop

Substrate

Figure 2. 5 Water contact angle ( ) measurement
2.4.2 Substrate surface roughness: Ra values
Substrate surface roughness in terms of Ra, the arithmetic average deviation of the surface
valleys and peaks, was measured using a Talysurf 10 kit. Three measurements were taken
from each specimen over a distance of 3 mm.
2.4.3 Quantitative analysis of the biofilm: protein assay
Due to the large number of bacteria within the biofilm, the direct counting method used in the
bacterial adhesion and proliferation experiments was not appropriate, and a protein assay
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based on a bicinchoninic acid (BCA) assay (Sigma UK) [12] was introduced, providing an
indirect estimate of the amount of bacteria. It was carried out on three samples of each kind.
The biofilm coated discs were placed in an ultrasonic bath in 0.1% Triton X-100 (Sigma UK)
for 10 min to disperse the biofilm. (SEM examination of the samples following this procedure
confirmed that although there were still a few attached bacteria on the sample surface, most of
them had been removed.) 1 ml of this suspension was combined with 1 ml working reagent
from the BCA assay kit, vortexed well until thoroughly mixed. It was then incubated at 37 oC
for 2 hours and cooled to room temperature before the colour absorbance at 562 nm
(wavelength) was recorded. The protein content in the specimen was calculated with reference
to a standard curve, which was obtained by measuring the absorbance at 562 nm of standard
samples prepared by combining the working reagent with a series of standard protein
solutions.
2.4.4 XRD analysis
An X-ray diffractometer is commonly used to study crystalline and non-crystalline materials.
A characteristic X-ray (Cu Kα1 radiation in this study) is directed at the specimen, either solid
or powder, at a constant angular velocity through increasing values and is diffracted at certain
angles which contains sample crystallographic information.
In this work, the biomineralised crystal structure was verified via a Philips X-pert
diffractometer (SIEMENS D500) with Cu Kα1 radiation at 40 kV and 300 mA. Data were
collected from 10o to 60o, with a scan speed of 2o /min and scan step of 0.01o.
2.4.5 Micro-CT
Micro X-ray computed tomography (Micro-CT) is a non-destructive technique which
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provides high resolution images of the internal structure of samples. Micro-focal spot X-ray
projections, acquired at hundreds of equally spaced angular positions around the object, are
used to reconstruct a 3D database which represents the distribution map of the linear
attenuation coefficients determined by the energy of the X-ray source and the atomic
composition of the target material [13].

Figure 2. 6 Schematic drawing of micro X-Ray computed tomography (Micro-CT)(adapted
from [13])
A Skyscan 1072 Micro X-Ray CT was used in this study to reconstruct the structure of the
porous Ti web and to analyse the biofilm/crystal distribution within this scaffold. The
equipment parameters are listed in Table 2. 5. The biological sample was fixed and
dehydrated as described above before it was loaded into the equipment for the X-ray scan.
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Table 2. 5 Micro-CT settings for the reconstruction of different specimens

Specimen

Equipment parameter

Ti web substrate

100 kV, 98 A, filter (Al 0.5 mm)

Biofilm growth on Ti web

100 kV, 98 A, filter (Al 0.5 mm)

Crystal coated Ti web

89 kV, 108 A, filter (Al 0.5 mm)

2.4.6 Scanning Electron Microscopy
Electron microscopy is the major characterisation technique used in this work, including
scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), electron
backscattered diffraction (EBSD) and transmission electron microscopy (TEM). SEM is
mainly used to study bacterial distribution, the morphology of the Serratia biofilm and the
biomineralised crystals. EDX is a powerful tool in chemical analysis. EBSD supplies
information about substrate grain orientation. TEM will be introduced in § 2.4.7.
2.4.6.1 Instrument introduction
The scanning electron microscope is one of the most powerful tools in the exploration of the
world in micro- or even nano-scale. It provides information of specimen surface features and
topographies as with the naked eyes but at much higher magnifications. As shown in Figure 2.
7, the electron beam, usually at a voltage of 10-30 keV, is generated by an electron gun and
focused by condenser lenses before it scans across the sample surface in a television raster
yielding a large number of signals at or near the specimen surface, which are then amplified,
processed and recorded by the imaging system.

73

Chapter 2

Figure 2. 7 A schematic diagram of a scanning electron microscope (adapted from [14])
Electron-material interaction
Electrons penetrating into a solid specimen undergo both elastic and inelastic scattering and
produce various signals as shown in Figure 2. 8. Secondary electrons (SE), the dominating
contribution to contrast, are inelastic excited electrons caused by the incident beam. They
provide morphological information of the specimen. If the incident electrons go close enough
to a specimen atom nucleus and rebound without energy loss, they are called backscattered
electrons (BSE). The production of BSE is atomic number (Z)-related, thus offering
information on substrate chemistry. Characteristic X-rays are another important signal
generated during the electron-specimen interactions. When an electron from an inner atomic
shell is dislodged by the incident beam, the atom will stabilise itself by allowing an outer
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electron to fill the vacancy. The energy difference between the two states of the transitional
electron will be emitted as characteristic X-rays, carrying information about the atom
chemistry [14].

Electron beam
Backscattered electrons
Characteristic X-Rays
Auger electrons
Secondary electrons

Specimen

Figure 2. 8 Beam-specimen interactions
For a given bulk sample, there will be a finite depth beneath which no electrons have enough
energy to escape the specimen surface - the so called interaction volume. The signals
collected in an SEM are actually generated from this volume. Only those that are capable of
escaping the specimen surface will be recorded, otherwise they are absorbed by the bulk
material. Secondary electrons, for example, are usually from a surface layer of less than 2 nm,
while backscattered electrons can escape from tens of hundreds of nanometres. The escape
depth of X-rays is the greatest, from 1 to 5 m, depending on the accelerating voltage and
specimen density [14] [15].
Various detectors are employed to collect these signals, an SE detector for secondary electrons
(specimen surface shape), a BSE detector for backscattered electrons (atomic number contrast)
and EDX (energy dispersive X-ray analysis) and/or WDX (wavelength dispersive X-ray
analysis) detectors for characteristic X-rays (chemical composition).
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EBSD
The surface orientation of individual crystalline grains of the substrate can be obtained by the
analysis of electron backscattered diffraction (EBSD) patterns, which contain crystallographic
information. In a crystalline sample, the backscattered electrons, before exiting the sample,
can be elastically scattered and strengthened at Bragg condition (Equation 2. 1), giving
backscatter patterns equivalent to the Kikuchi lines observed in a TEM, which contains
crystallographic information on the grain. The sample is usually tilted 70º toward the camera
and these EBSD patterns are collected, recorded and analysed to give the orientation of the
crystal surface at each location over which the beam scans, as seen in Figure 2. 10.

Incident beam

Diffracted beam

d: spacing of the crystal lattice planes
responsible for a particular diffracted
beam.

Diffraction
planes

d

: the diffraction angle (Bragg angle).

Figure 2. 9 The incident electrons are diffracted by the crystal planes (Bragg condition)

2d hkl sin
Equation 2. 1
=the wavelength of the incident beam , dhkl=the spacing of the crystal planes, =Bragg angle
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Figure 2. 10 Electron backscattered diffraction (adapted from [16])
2.4.6.2 Sample preparation and characterisation
The influence of grain boundary and grain orientation on bacterial adhesion and
proliferation
To examine the bacterial distribution, the specimens were fixed in 2.5% EM grade
glutaraldehyde buffer (25% E.M. Grade, Agar Scientific Ltd., UK) in 0.2 M sodium
cacodylate (pH=7.3, Cacodylic Acid, Sigma, USA) for 10 min and dehydrated in an ethanol
series from 20% to 100% for 10 min in each solution, using liquid CO2 in a critical point drier
(Polaron Critical Point Drier) as the final step.
Bacteria on each substrate were counted using secondary electron (SE) imaging (JEOL 7000,

77

Chapter 2

Japan). For each bacterium tested, ten fields were chosen at random from each metal disc,
with three discs of each material, and the number of cells in each field was counted. The
relation of bacterial adhesion and proliferation to grain boundaries (GB) was determined by
backscattered electron (BSE) imaging. Energy dispersive X-Ray (EDX, Oxford INCA)
analysis was used to study the chemical composition of the substrates. Since the bacterial
layer was rather thin, no coating was applied during the characterisation. However, a low
accelerating voltage (10 kV) was essential to avoid charging.
The substratum grain orientation was studied by electron backscatter diffraction (EBSD,
Oxford INCA). In spite of the thin layer of biofilm on the surface, the metal matrix was still
sensitive enough to produce an adequate grain orientation map. However, unlike in the BSE
images, the detector could not detect any signals from the bacteria. Thus the EBSD and BSE
images of the same field were later analysed further using image processing software
(Photoshop, Image J) to study the bacterial adhesion in relation to grain orientation. To
achieve stronger signals, an accelerating voltage of 20 kV and large beam current were used
when acquiring an EBSD map.
Serratia biofilm formation on titanium substrates
The topography of titanium substrates with different surface treatments was observed directly
by an SEM (JEOL 7000, Japan) operated at 20 kV. To study the biofilm formation on titanium,
specimens were fixed and dehydrated as described above and coated with gold to avoid
charging (Emscope SC500). They were then examined by SEM.
Biomineralisation of HA on titanium substrate
The crystal coating, both prior to and after sintering, was examined directly by SEM (JEOL
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7000, Japan) operated at either 10 kV (without any coating) or 20 kV (gold coated) (Figure 2.
11a). The coating was then scratched off to reveal the metal surface (Figure 2. 11b). This is to
examine the effect of heat treatment on the titanium substrates. To study the cross section
through the crystal coated titanium, the sample was mounted in Bakelite vertically, sectioned
(Figure 2. 11c) and polished (Figure 2. 11d). The Ca/P ratio of the synthesised crystals was
measured by EDX. However, due to the porosity of the coating, these results can only be
considered as a rough measurement.

79

Chapter 2

Direct interface analysis
CaP
coating
CaP
coating
Ti
Ti

a

b

Cross section analysis
A

A

B

D

Ti

B

CaP
coating

CaP
coatin
g

Ti
D

C

C

c

d

Figure 2. 11 Sample preparation for SEM analysis: calcium phosphate (CaP) coated Ti discs
a: A schematic drawing shows the CaP coated Ti discs. The coating was observed directly (red
arrows) by an SEM. CaP represents both the nascent and the sintered crystal coating.
b: The crystal coating was scratched off to reveal the substrate surface directly (red arrows).
c: For a cross section analysis, the CaP coated Ti was mounted in bakelite (grey).
d: The mounted specimen was cut along the ABCD plane shown in (a) and polished to reveal
the specimen cross section
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2.4.7 Transmission Electron Microscopy
2.4.7.1 Instrument introduction
A transmission electron microscope (TEM), as shown in Figure 2. 13, is usually operated at
higher voltage, typically 100~400 kV. Similar as in an SEM, the electron beam generated
from the gun is focused by electromagnetic condenser lenses before it reaches the thin
specimen [17]. Various signals are generated due to the electron-material interaction as shown
inFigure 2. 12. However, unlike SEM where the electron beam is scattered at the sample
surface, most of the signals in a TEM are generated at both sides of the sample, as illustrated
in Figure 2. 10. It is mainly the transmitted electrons that are focused and enlarged on a
fluorescent screen or recorded by the camera. Imaging using the transmitted primary beam is
the bright field mode (BF), otherwise the dark field mode (DF) if it is excluded. Characteristic
X-rays can also be detected for chemical analysis (EDX).

Incident electron beam
Auger electrons
X-rays
Secondary electrons
Thin specimen
(10-200 nm)
Elastically
scattered
electrons

Inelastically
scattered
electrons

Transmitted electrons

Figure 2. 12 Electron interactions with a thin TEM specimen
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Figure 2. 13 A schematic drawing of a transmission electron microscope (adapted from [17])

The electron beam in a TEM can be focused and scanned across the specimen surface in a
manner similar to that in an SEM, the so-called STEM mode. A number of detectors can be
employed for STEM imaging: a bright field (BF) detector similar to that in TEM, an annular
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dark field detector (DF) when the scattering angle is between 10 and 50 mrad and a high angle
annular dark field detector (HAADF) when the electrons are scattered to even higher
angles, >50 mrad, as shown in Figure 2. 14 [17]. The advantage of an HAADF STEM is that
the contrast is mainly caused by inelastic scattering as almost none of the elastically scattered
electrons can reach the detector [17]. Thus, its image is regarded as Z-contrast, closely related
to the atomic number.

Figure 2. 14 Schematic drawing of STEM mode [17]
BF: bright field detector
DF: dark field detector
HAADF: high-angle annular dark field detector
With all the benefits of a TEM, there are inevitably certain drawbacks. Only a limited
dimension can be studied: a standard TEM specimen is 3 mm in width, and electrons can only

83

Chapter 2

penetrate locations that are less than 100 nm thick. Thus, in the pursuit of high resolution
TEM analysis, a combination study with other techniques such as XRD and SEM is essential.
Another shortcoming is the beam damage due to ionising radiation, which is particularly
serious for polymers, certain minerals, ceramics and especially biological samples. However,
this can be ameliorated via certain techniques such as cryo-microscopy (specimen cooling)
and the use of low noise, charge-coupled devices (CCD) cameras.
2.4.7.2 Sample preparation and characterisation
The biomineralised crystals, both prior to and after sintering, were analysed further using
TEM (JEOL 1200 TEM operated at 80 kV, JEOL 2100 TEM operated at 200 kV and FEI
TECNAI F20 Field Emission TEM operated at 200 kV).
The crystals were scratched off the titanium disc and suspended in ethanol in an ultrasonic
bath for 10 min. 3 l of the suspension was dropped onto a carbon film supported by a copper
grid and allowed to dry at room temperature. Alternatively, they were embedded in resin and
sectioned to approximately 100 nm using a microtome (ULTRACUT, REICHERT-JUNG).
Copper grids (Agar Scientific) were used as a support. A thin carbon coating was always
applied to avoid charging, otherwise image drift was unavoidable. Coating/metal cross
sections for TEM were produced using a focused ion beam scanning electron microscope
(FIB/SEM, FEI QUANTA 3D FEG).
FIB/SEM is distinct as it involves a dual-beam system, an electron source combined with a
high energy ion beam (FIB), as illustrated in Figure 2. 15. Focusing and scanning the ions
across the specimen surface makes micro-machining possible as the matrix (specimen) atoms
are knocked out of the surface. FIB was initially designed for the machining of electronic and
optronic device components in the 1980s and was not widely used for scientific research until
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recently [16]. It has been demonstrated to be powerful as a platform for micromachining,
assisting microstructural analysis, serial sectioning, and producing TEM samples that are
otherwise difficult to prepare, such as a cross-section or when a specific site of interest is
concerned. However promising as it seems, there are several noticeable shortcomings of this
technique. The size of the specimen, for instance, is quite limited. It can only produce TEM
microscale samples. In addition there may be problems with curtaining (trenches due to beam
channelling), sub-surface radiation damage and contamination due to re-deposition.

Figure 2. 15 Schematic drawing of the dual-beam FIB/SEM
FIB was used in this study to produce cross-sectional specimens for TEM analysis. Due to its
inability to produce large samples, the surface layer of the coating was scratched off before
the ion milling was carried out. The site of interest (16 m× 4 m) was coated with tungsten
(W) as protection against ion milling. Two squares were milled symmetrically on both sides
of the chosen region (Figure 2. 16a) and the W-coated ‘partition’ in between was thinned to
around 1 m before it was semi-detached from the matrix by an ion ‘U-cut’ (Figure 2. 16b).
The thin slice was mounted on a W-needle (Figure 2. 16c), separated from the matrix (Figure
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2. 16d) and mounted on a copper grid before it was finally thinned to around 100 nm and
cleaned at low beam current. The sample (crystal coating) analysed in this study was not only
porous but also beam sensitive. While the porosity, combined with the density difference
between the coating and the substrate, can induce severe curtaining, the beam sensitivity may
lead to amorphisation of the crystal coating. Different specimen thicknesses were tried, 90 nm
and 150 nm, as will be discussed further in Chapter 6.

a

b

c

d

e

f

Figure 2. 16 TEM sample preparation by FIB/SEM
a: Ion milling. b: U-cut. c: Mounting on a W needle. d: Sample ‘lift-out’. e: Mounting on a
copper grid. f: The square site in (e) enlarged, showing the W protection layer, crystal coating
and the matrix.
2.5 Data processing
The data achieved in this study for statistical analysis was processed as following:
Each measurement was repeated three times, the average of which will be used. The standard
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deviation of the dataset was calculated using student t-test by Excel software and used as the
error bars. Exceptions will be described later in the results.
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Chapter 3 The influence of titanium alloy structure on bacterial adhesion and
proliferation
3.0 Introduction
To understand the influence of titanium alloy structure on bacterial adhesion and proliferation
is of great significance, because grain boundaries, grain orientation and phase structure are
potential bacterial growth stimuli. Researchers have demonstrated that bacteria showed grain
boundary- associated adhesion on stainless steels [1, 2]. However, comparatively little is
known about titanium regarding to this aspect, although there were reports that S. epidermidis
adhesion on Ti 64 was phase-sensitive [3], and both Staphylococcus aureas and Pseudomonas
aeruginosa attached better to a nano-crystalline titanium surface [4]. The relationship between
bacterial adhesion, proliferation and titanium alloy structure was investigated systematically
in this chapter. This study is a pioneer research to statistically investigate the relation between
bacterial distribution and substrate grain boundary and grain orientation. A novel approach
and a non-destructive method were established for the above purpose.
3.1 Substrate microstructure and chemical composition
CP Ti used in this study is a single α phase (hcp) material, with a grain size of 20 to 70 μm, as
shown in Figure 3. 1. Ti 64 is an α+β two-phase material, with a remnant bcc β phase (bright
area in Figure 3. 1) embedded in an hcp α phase (dark area inFigure 3. 1). EDX analysis
shows that the β phase of Ti 64 is rich in V, as seen in Table 3. 1.
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CP Ti

Ti 64

α

Figure 3. 1The microstructure of CP Ti and Ti 64 (BSE imaging)

Table 3. 1 EDX analysis of the chemical composition of CP Ti and Ti 64

Substrate
Ti
Al
V
others
99.81±0.15
----------0.20±0.16
CP Ti (at %)
Ti 64 α phase 86.89±0.05 8.74±0.04 4.13±0.12 0.24±0.21
(at %) β phase 81.05±0.14 4.71±0.09 14.15±0.43 0.09±0.06
3.2 Water contact angle measurements
The WCAs of all the four substrates were measured and are compared in Figure 3. 2. All four
are hydrophilic, with WCA lower than 90°. CP Ti and Ti 64 show equivalent WCAs, as do Al
and V; CP Ti and Ti 64 are slightly more hydrophilic than Al and V.
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Figure 3. 2 Water contact angle measurements for CP Ti, Ti 64, Al and V (n=3)
*: p<0.005 (p: derived by student t-test)
3.3 Bacteria
Images of the bacteria used in this study are shown in Figure 3. 3. S. epidermidis (Figure 3. 3a)
and S. sanguinis (Figure 3. 3b) are Gram-positive, spherical bacteria; Serratia (Figure 3. 3c)
and E. coli (Figure 3. 3d) are Gram-negative, rod-shaped bacteria.
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a
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d

Figure 3. 3 The morphology of S. epidermidis on CP Ti (a), S. sanguinis on CP Ti (b), Serratia
on CP Ti (c) and E. coli on Ti 64 (d)
(The scale bar in (a) applies to all images.)

3.4 The influence of titanium alloy structure on bacterial adhesion
In this section, the adhesion of S. epidermidis, S. sanguinis, E. coli and Serratia on CP Ti was
investigated regarding to the GBs and grain orientations of the substrate. The distribution of S.
epidermidis and S. sanguinis on Ti 64 was analysed to study the effect of substrate phase
structure. The adhesions of the four bacteria were compared between CP Ti, Ti 64, Al and V,
to study the influence of substrate chemical composition. The experiments in this section were
repeated twice, with three samples of each material for each independent experiment.
3.4.1 The influence of substrate grain boundaries and grain orientation
Because of its compositional and structural simplicity, CP Ti was used to study the influence
of grain boundaries and grain orientation on bacterial adhesion. The distribution of S.
epidermidis on the substrate is displayed in Figure 3. 4a, with the grain boundaries and
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bacteria highlighted in Figure 3. 4b. Clearly, the bacteria adhere randomly, showing no
preference toward or away from any grain boundaries. The distribution of S. sanguinis, E. coli
and Serratia with respect to GBs are displayed in Figure 3. 4c to Figure 3. 4h. All four
bacteria attached randomly to titanium regardless of grain boundaries.

a

b

ca

d

Figure 3. 4 The relation of bacterial adhesion to CP Ti grain boundaries.
a: The distribution of S. epidermidis on CP Ti (BSE imaging).
b: Processed image with only the bacteria and the GBs highlighted (image processed from (a)
using Photoshop software).
c, d: The distribution of S. sanguinis distribution with respect to CP Ti grain boundaries.
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Figure 3. 4 The relation of bacterial adhesion to CP Ti grain boundaries - continued
e, f: The distribution of E. coli with respect to CP Ti grain boundaries.
g, h: The distribution of Serratia with respect to CP Ti grain boundaries.
(Images b-h are on the same scale as image (a).)
EBSD analysis was carried out on the same field of interest as in Figure 3. 4a to study the
influence of substrate grain orientation. The grain texture was analysed with a misorientation
tolerance of 15 degrees (Figure 3. 5b). (Grains with misorientation of below 15 degrees were
considered as the same texture.) The percentage of bacteria within an area of specific
orientation (B%) was divided by the area of that orientation (GO%). Figure 3. 5c indicates
that S. epidermidis showed no preference for any particular grain orientation, as the B%/GO%
value was always around 1. (Otherwise, it would be significantly different from 1 at certain
grain orientations.) Similar results were acquired from the other three strains, with bacteria
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randomly attached to the surface with no preference for any specific grain orientation, as seen
in Figure 3. 6. The large error bars in both Figure 3. 5c and Figure 3. 6 are because of the low
number of adherent cells.
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Figure 3. 6 The relation of S. sanguinis, E. coli and Serratia adhesion to CP Ti grain

orientation
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3.4.2 The influence of substrate chemical composition
Ti 64 is an important biomaterial with many orthopaedic applications. To study bacterial
adherence to the alloy and to determine the individual effects of the Al and V components, the
four bacterial strains were allowed to adhere to CP Ti, Ti 64, Al and V. The numbers of the
cells of each strain on each material were counted and are compared in Figure 3. 7. These two
Gram-negative bacteria showed similar patterns of response (Figure 3. 7a), as did the two
Gram-positive strains (Figure 3. 7b). While most Gram-negative bacteria (Serratia and E. coli)
were seen on Ti 64 and CP Ti, higher numbers of S. epidermidis and S. sanguinis were seen
on V. All the four bacteria adhered equally well to CP Ti and Ti 64, and the lowest number of
bacteria was observed on the Al surface in all four cases.
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Figure 3. 7 Adhesion of Serratia, E. coli, S. epidermidis and S. sanguinis to CP Ti, Ti 64, Al
and V
Independent experiments were repeated twice, with three sample of each material tested. *:
p<0.05; **: 0.05<p<0.5. P: derived from Student t-test.

3.4.3 The influence of Ti 64 phase structure
The relation of bacterial distribution to the phase structure of Ti 64 was studied using BSE
imaging. Due to the small grain size of the substrate used (5~10 μm), which is similar in scale
to the length of the Serratia and E. coli bacteria, only the distributions of S. epidermidis and S.
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sanguinis were examined. The distribution of S. epidermidis and S. sanguinis was shown in
Figure 3. 8. Both the bacteria adhered to Ti 64 randomly, independent of the phase structure.

a

b

Figure 3. 8 The distribution of S. epidermidis (a) and S. sanguinis (b) on Ti 64
(BSE imaging, the scale bar is displayed in b)
3.5 The influence of titanium alloy structure on bacterial proliferation
In this section, Serratia proliferation on the four substrates was investigated in the same
method as used in § 3.4. However, there is one aspect that needs to be clarified. To study the
adhesion of Serratia, bacteria were cultured in TSB and resuspended in PBS, consistent with
S. epidermidis, S. sanguinis and E. coli. To allow bacterial proliferation on metal substrates,
nutrients must be supplied. Thus, PBS is not appropriate. However, TSB used to culture the
bacteria is not suitable either, as it was observed that bacteria did not adhere well on metal
surface in TSB. Thus, Serratia were cultured and resuspended in a carbon-limited minimal
medium as described in § 2.1.3. The experiments in this section were repeated twice, with
three samples of each material for each independent experiment.
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3.5.1 The influence of grain boundaries and grain orientation
The Serratia distribution on CP Ti after 24 hours’ proliferation is shown in Figure 3. 9.
Although most of the cells appear to adhere randomly, there do appear to be colonies clinging
to or growing along the GBs, as indicated by the arrows.

Figure 3. 9 Serratia proliferation on CP Ti (BSE imaging). The red arrows point to bacterial
colonies at or adjacent to GBs.
This image was processed further using the software ImageJ to give a quatitative expression
to the relation. Grains that touched the image frame were trimmed. GBs are highlighted in
Figure 3. 10b, based on BSE imaging (Figure 3. 10) and the EBSD map (Figure 3. 11).
Euclidean Distance Mapping (EDM) was carried out as shown in Figure 3. 10c. The distance
of each pixel inside the grains from the nearest GB was recorded, as were the distance of the
bacteria in Figure 3. 10a from the nearest GB (Figure 3. 10d). Histograms were then plotted of
pixels and bacteria versus distance from GBs in Figure 3. 10e. It is apparent that they follow
the same pattern, indicating that the bacteria do not adhere preferentially to GBs. Otherwise,
the bacteria EDM histogram would be high at the initial part of the graph where the distance
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away from the GBs is not too great (for example, the blue curve in Figure 3. 10e).
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Grain EDM histogram

Figure 3. 10 The influence of GBs on Serratia proliferation:

log10 Area (pixcels)

Log10 Area (pixels)

a: BSE image in Figure 3. 9.
b: GBs in (a) were highlighted. (GBs that touch the image frame were trimmed.)

10000

c: The points inside each grain were labelled with their distances away from the nearest GBs (Grain EDM).

1000

The distance was presented by the colour scale bar below (c) and (d). For example, the black lines will be
GBs as their distance is 0 (excluding the image borders). The points marked by * in (c) is approximately 16

100

m away from the GB, which makes the grain around 50 m wide along the dotted line, with reference to
10

the red dotted line in (a).
5

10

15

20

Distance away from GBs/ m

25

30

d: The bacteria in (a) were labelled with their distances away from the nearest GBs (Bacteria EDM).
e: Histogram of (b) and (c). The blue dotted line indicates the predicted bacteria EDM curve if bacterial
adhesion was strongly GB-associated.
The double-headed arrows marked (the location of) the same grain in (a), (b) and (c).
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The influence of grain orientation was analysed as described in §{-8 3.3.1.
Figure 3. 11shows a
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comparison of B%/GO% between all the different orientations,
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Figure 3. 11 The relation between Serratia proliferation and CP Ti grain orientation
a: EBSD map of the field of interest in Figure 3. 9 showing the substrate grain texture (with
15° spread).
b: B%: the percentage of the bacteria on the same grain orientation; GO%: area coverage
contributed by the corresponding texture. The colour of each column represents the
orientation component shown in (a).
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3.5.2 The influence of substrate chemical composition
After 24 hours’ proliferation, the difference between the amount of Serratia present on CP Ti
and Ti 64 was still not significant, however larger than the adhesion. The fewest bacteria were
found on Al. Compared with Al, there was a significant increase in the amount of bacteria on
V after proliferation, as seen in Figure 3. 12.

No of bacteria/Field

p=0.08

18
16
14
12
10
8
6
4
2
0

p=0.49

CP Ti

Ti 64
Adhesion

Al

V

Proliferation

Figure 3. 12 Quantification of Serratia on CP Ti, Ti 64, Al and V: a comparison between
adhesion and proliferation (p: obtained from Student t-test.)
3.6 Summary
Under the experimental conditions tested, grain boundaries and grain orientations were found
to have no distinguishable effect on either bacterial adhesion or early proliferation.
When only adhesion was considered, similar attachment was observed on CP Ti and Ti 64,
and the adhesion on Al was always low. The two cocci were found to adhere randomly to Ti
64, regardless of the chemical difference between the two phases of the substrate. The two
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Gram-negative bacteria used in this study showed opposite adhesion pattern on titanium and
vanadium when compared to the two Gram-positive bacteria. However, further analysis is
required to verify this point.
After proliferation for 24 hours, Serratia were found to proliferate the worst on Al.
This chapter focused on bacterial adhesion and early proliferation. Serratia biofilm formation
on titanium with different surface treatments is analysed in Chapter 4, and the results of both
chapters are discussed in Chapter 5.
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Chapter 4 Serratia biofilm formation on titanium substrates
Biofilms are the causes of many persistence infections [1]. Thus it is of clinical significance to
understand the biofilm formation on titanium which is a common biomaterial. Moreover, a
Serratia biofilm pregrown on titanium substrates can be used to produce HA coatings which
are investigated in Chapter 6 and Chapter 7. The structure and morphology of this HA coating
largely depends on the Serratia biofilm. Thus, this section also serves as a foundation for the
subsequent biomineralisation. Due to limitation of sample appliance, the experiment in this
section was carried out only once, with three sample analysed for each material.
4.1 Serratia biofilm formation on titanium with different surface treatments
In this section, the biofilms formed on titanium with six different surface treatments were
examined and compared to investigate the effect of substrate surface properties on biofilm
development.
4.1.1 Substrate characterisation
As described in Chapter 2, Ti1 (Al2O3 grit blasted Ti) and Ti2 (mirror-polished Ti) were
prepared manually, while Ti3 (Deep profiled surface), Ti4 (plasma sprayed Ti), Ti5 (acid
etched Ti) and Ti6 (grits blasted and acid etched Plus sample) were model surfaces of
commercially available dental implants. Their topography, surface roughness and wettability
were investigated and are compared.
4.1.1.1 Topography
The surface treatments significantly altered the surface morphology, as shown in Figure 4. 1.
Figure 4. 1c & d show a mirror-like smooth surface after polishing. Figure 4. 1a, b, e & f
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show a highly deformed surface with residual Al2O3 particles embedded in the substrate from
the grit blasting. Unmelted titanium spheres with diameters of around 30-40 m were visible
on the plasma sprayed surface (Figure 4. 1g & h). Acid etching of a titanium surface produced
surfaces features of elongated islands with micro-pores (Figure 4. 1i & j). The combination of
grit blasting and acid etching led to a surface with dimples from 20 to 50 m, and micro-pores
on the dimple walls (Figure 4. 1k & l).
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b

a

Embedded
Al2O3 grits

cc

d

Figure 4. 1 The morphology of titanium substrates after different surface treatments
(SE imaging)
a: 50 m Al2O3 grit blasted pure titanium (Ti1).
b: The box in (a) at higher magnification.
c: Mirror-polished pure titanium (Ti2).
d: The squared site in (c) at higher magnification.
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Figure 4.1 The morphology of titanium substrates after different surface treatments
(SE imaging)
e: Deep Profile Surface, pure grit-blasted titanium (Ti3). The inset EDX spectrum shows that
the embedded grit is Al2O3.
f: The squared site in (e) at higher magnification.
g: TPS plasma sprayed pure titanium (Ti4). The arrow points to a extruding titanium granule.
h: The squared site in (g) at higher magnification.

102

Chapter 4

i

j

k
1

l

Figure 4. 1 The morphology of titanium substrates after different surface treatments
(continued)
i: Acid etched pure titanium (Ti5).
j: The squared site in (i) at higher magnification.
k: Grit-blasted and acid etched Plus titanium surface (Ti6).
l: The squared site in (k) at higher magnification.
4.1.1.2 Hydrophobicity
The substrate hydrophobicity is represented by water contact angle (WCA). The WCA of the
substrates increased in sequence from Ti1 to Ti6, as listed in Table 4. 1 and compared in
Figure 4. 2. Ti1 and Ti2 were hydrophilic (WCA<90o), while Ti4 to Ti6 were hydrophobic
(WCA>90o), and Ti3 was in the transition between hydrophilic and hydrophobic (WCA≈90o).
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The estimated WCAs of Ti3 and Ti6 are comparable to previously reported results of 89.7o
and 140.9o, respectively [2].
Table 4. 1 Substrate-water contact angle measurements

Substrate
WCA/°

WCA/o

Rupp et
al. [2]

Ti1

Ti2

Ti3

Ti4

Ti5

Ti6

26.44±2.41 66.20±4.26 85.65±5.07 107.39±0.66 122.95±6.03 151.53±0.66
——

——

89.7

——

——

140.9

160
140
120
100
80
60
40
20
0
Ti1

Ti2

Ti3

Ti4

Ti5

Ti6

Figure 4. 2 Substrates water contact angle measurements (n=3)
4.1.1.3 Surface roughness
The surface roughness is measured as a Ra value, the arithmetic average deviation of the
surface valleys and peaks. The results are shown in Figure 4. 3 and listed in Table 4. 2. The
plasma sprayed surface Ti4 demonstrated the highest roughness, with an Ra value of 5.5 m,
followed by Ti6 (Ra=3.77±0.25 m) and Ti3 (Ra=3.33±0.25 m). The polished surface was
the smoothest with a Ra value of 0.04±0.01 m. The roughness measurements in this study

104

Chapter 4

are compared with previous published results Table 4. 2.

6
5

**

Ra / m

4
3
2
1
0
Ti1

Ti2

Ti3

Ti4

Ti5

Ti6

Figure 4. 3 Substrate surface roughness: Ra value for six different surfaces (n=3)
**: p<0.005 (p: derived by student t-test). Due to limitation of the sample appliance, Ra
measurements on Ti4 and Ti5 were not repeated.

Table 4. 2 Substrate surface roughness: Ra values for six different surfaces

Substrate

Ti1

Ti2

Ti3

Ti4

Ti5

Ti6

Ra/ m

2.27±0.46

0.04±0.01

3.33±0.25

5.5

1.4

3.77±0.25

Sammons
et al. [3]

——

——

2.41

3.5

0.86

2.75

Rupp et
al. [2]

——

——

2.94

——

——

3.19

4.1.2 Biofilm characterisation
4.1.2.1 Bacterial protein assay
A protein assay was carried out to estimate bacterial accumulation on all the 6 substrates after

105

Chapter 4

fermentation for 7 days as described in § 2.4.3. The results are summarised in Figure 4. 4 and
listed in Table 4. 3. Judged by the protein present, the amount of bacteria on the substrates
followed the sequence Ti2>Ti4>Ti1>Ti3>Ti5>Ti6. Significant differences are indicated on the

Protein assay g/mm2

figure.

**

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

*

*

Ti1

Ti2

Ti3

Ti4

Ti5

Ti6

Figure 4. 4 Bacterial protein assay (n=3)
**: p<0.005; *: 0.005<p<0.05 (P: derived from Student t-test). The measurement on Ti2 was
not repeated due to sample limitation.
Table 4. 3 Bacterial protein assay

Protein assay
g/mm2

Ti1

Ti2

Ti3

Ti4

Ti5

Ti6

0.15±0.01

0.34

0.08±0.02

0.27±0.10

0.04±0.01

0.02±0.003

4.1.2.2 Biofilm morphology
The morphology of the 7-day old biofilm was studied by SEM. It was observed that the
mature biofilm structures characterised by bacterial stacks only occurred on Ti1 and Ti2, as
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seen in Figure 4. 5 and Figure 4. 6. On Ti1, the 50 μm Al2O3 grit blasted titanium, the
bacterial clumps tended to grow perpendicularly to the substrate surface (Figure 4. 5b), and
were composed of randomly intertwined cells (Figure 4. 5c). Due to the thickness of the
biofilm, it was impossible to visualise the embedded Al2O3 particles underneath the bacterial
layer using SEM. Thus, the effect of the Al2O3 particles on biofilm formation was not clear.

b

a

c

d

Figure 4. 5 The 7-day old biofilm on Ti1 (gold coated, SE imaging)
a: Low magnification image showing the overall morphology of the biofilm on Ti1 (Al 2O3
grit-blasted Ti).
b: Higher magnification of the bacterial clumps.
c: Image of the bacterial clumps showing that they are composed of randomly intertwined
bacteria (the box in (b)).
d: Bacterial matrix (the arrowed site in (b)).
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On Ti2 - the mirror polished surface - the bacterial towers were comparatively flattened, and
consisted of highly oriented bacteria, as seen in Figure 4. 6b. The cracks observed in the
biofilm on both substrates are due to the drying procedure.

a

c

b

Figure 4. 6 The 7-day old biofilm on Ti2 (gold coated, SE imaging)
a: Low magnification image showing the overall morphology of the biofilm on Ti2: flattened
bacterial colonies.
b: Higher magnification image of the box in (a) showing that the flattened colonies are
composed of highly orientated bacteria.
c: Higher magnification image of the arrowed site in (a) showing the bacterial matrix.
A monolayer of bacteria formed on Ti3 (the Deep Profile surface) (Figure 4. 7a). The bacteria
were randomly dispersed. The bacterial distribution was found to be similar on the titanium
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substrate (Figure 4. 7b) and on the embedded alumina particles (Figure 4. 7c).

a

b

c

Figure 4. 7 The 7-day old biofilm on Ti3 (gold coated, SE imaging)
a: Low magnification image showing the overall morphology of the biofilm on Ti3.
b: Higher magnification image showing the biofilm on the rough titanium surface at the
single-arrowed site in (a).
c: Higher magnification image showing the biofilm on embedded Al2O3 at the double-arrowed
site in (a).
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On Ti4, the plasma sprayed surface, bacterial bridges (the double-arrowed site in Figure 4. 8a)
were observed composed of highly oriented bacteria (Figure 4. 8b) extended from the
protruding titanium granules to the lower substrate. The bacterial matrix that covered evenly
the entire surface was composed of randomly arranged cells (Figure 4. 8c).

a

b

c

Figure 4. 8 The 7-day old biofilm on Ti4 (gold coated, SE imaging)
a: Low magnification image showing the overall morphology of the biofilm on Ti4. The
single arrow indicates a titanium granule similar to the one in Figure 4. 1g.
b: Higher magnification image of the double-arrowed site in (a) showing a bacterial extension
composed of highly oriented cells.
c: Higher magnification image of the box in (a) showing the bacterial matrix.
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As on Ti3, the biofilm formed on Ti5 consisted only of a single bacterial layer that covered
the whole substrate (Figure 4. 9a). At higher magnification, it was found that the bacteria
tended to lie across the edge of the islands on the surface (arrows in Figure 4. 9b), but are
randomly distributed at other sites.

b

a

Figure 4. 9 The 7-day old biofilm on Ti5 (gold coated, SE imaging)
a: Higher magnification image showing the overall morphology of the biofilm on Ti5 (acid
etched surface).
b: The biofilm in the box in (a) at a higher magnification. The arrow points to where bacteria
lie across the edge of the islands on the surface.
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The biofilm formed on Ti6, the blasted and etched Plus surface, had distinct features of
bacterial ‘platform’ (~50 m) supported by bacterial ‘columns’, as seen in Figure 4. 10a & b.
In areas other than the plateau, the bacteria attached randomly to the pore walls of the
substrate.

a

b

c

Figure 4. 10 The 7-day old biofilm on Ti6 (gold coated, SE imaging)
a: The overall morphology of the biofilm on Ti6.
b: The bacterial ‘platform’ supported by bacterial ‘columns’ (the single-arrowed site in a).
c: The bacterial matrix (the double-arrowed site in a).
By comparing Figures 4. 5 to 4. 10, it can be observed that the morphology of the 7-day-old
biofilm is significantly different on different surfaces, suggesting a possible role of substrate
topography in shaping biofilms.
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4.2 Serratia biofilm formation on a porous titanium web
Porous structures are ideal scaffolds to support bacterial growth for potential applications
such as bacterial fuels, biomineralisation, water purification and antibiotic production. In this
study, the growth of Serratia biofilm on a porous titanium wire mesh, ‘titanium web’, was
investigated in this section. This bacteria coated system will later go through a
biomineralisation stage to produce HA on the titanium surface, as described later in Chapter 8.
4.2.1 Substrate characterisation
The porous scaffold is constructed from randomly knitted titanium fibres (Figure 4. 11a).
These rectangular-cross-section fibres are approximately 50 m wide. As seen in Figure 4.
11b & c, one side of the fibre is rougher than the others, with the topography displayed in
Figure 4. 11d.
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a

b

c

d

Figure 4. 11 Morphology of the titanium web by SEM
a: The web is composed of a network of Ti wires.
b: Each Ti wire is 50 m across and has a rectangular cross-section.
c: The Ti wire is rougher on one side (the single-arrowed face) and smoother on the others
(the double-arrowed side).
d: A Ti fibre at higher magnification, showing grain structure.
Micro X-ray CT was used to construct a 3D model of the porous structure, as illustrated in
Figure 4. 12a and enlarged in Figure 4. 12b. Cross sections through the web are shown in
Figure 4. 12c, d and e. It can be seen that most of the wires tend to incline towards the xy
plane but are randomly orientated within this plane.
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a

b

5.4 cm

c

z
y
x

d

Figure 4. 12 3D reconstruction of the Ti web using Micro X-ray CT
a: 3D construction.
b: Detailed structure of (a).
c: Orthoslice of the titanium web showing cross sections along both x- and y- directions.
d: A cross section along the xy plane.
e

e: A cross section along the xz plane.

1 mm
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4.2.2 Biofilm characterisation
The biofilm formed on the porous Ti web is not homogeneous. Large bacterial clumps are
found on some Ti fibres but not others (Figure 4. 13a & b). Nevertheless, every Ti wire is
observed to be wrapped with Serratia cells, although the thickness of this bacterial layer
differs markedly. On wires nearer to the surface of the structure, the biofilm is thicker and the
bacteria are around 5 to 10 m long (Figure 4. 13c & d). However, on the wire deep inside the
structure, the film is usually thinner and the bacteria are much shorter, around 1 to 3

m

(Figure 4. 13e & f). In a summary, both the thickness of the biofilm and the length of the
individual bacteria decrease as the distance away from the porous structure surface increases.
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d

e

f

Figure 4. 13 5-day old Serratia biofilm on Ti web (gold coated, SE imaging)
a: The overall morphology (bacterial clumps on Ti surface, indicated by arrows).
b: A bacterial clump at higher magnification.
c: Thick biofilm on the outer Ti wire.
d: (c) at higher magnification.
e: Biofilm on an inner Ti wire: thin and barely covering the Ti fibre.
f: (e) at higher magnification: the bacteria are shorter when compared with those in (b) and
(d).
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The bacterial distribution within the porous system was studied further using Micro X-ray CT.
However, due to the limited resolution of the method, only the large bacterial clumps could be
imaged. Just as observed by SEM, the bacterial colonies disperse rather randomly within the
system. As seen in Figure 4. 14, no obvious difference regarding the colony density was found
between the periphery of the scaffold and the inner structure, which is very surprising since
the periphery of the porous structure is expected to be the most favourable site for the
formation of bacterial colonies as was indeed evident by the SEM observation. Micro X-ray
CT, however, only gives a rather rough description of the bacteria distribution, as most of the
features, including the biofilm surrounding each Ti wire, are ‘invisible’ to it.
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a

b
In between

Upper surface

Lower surface

Figure 4. 14 3D reconstruction of 5-day old Serratia biofilm on porous Ti web by Micro
X-Ray CT
a: The overall porous Ti web (blue) with Serratia colonies (yellow).
b: The cube in (a). Note that most of the titanium surface is apparently ‘bacteria-less’,
apparently contradicting SEM observations.
4.3 Summary
Distinct differences in surface topography, wettability and roughness were observed on
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titanium discs with different surface treatments. While the hydrophobicity followed the
sequence Ti1<Ti2<Ti3<Ti4<Ti5<Ti6, the surface roughness, expressed in Ra value, was the
highest on Ti4, followed by Ti6, Ti3, Ti1, Ti5 and Ti2.
The Serratia bacteria in the biofilm on each surface were quantified by a protein assay, which
suggested that the most biofilm growth occurred on Ti2 and Ti4, followed by Ti1 > Ti3 > Ti5 >
Ti6. Surface wettability may be a more important factor than roughness in influencing biofilm
growth in this work, as the amount of bacteria on Ti1, Ti3, Ti5 and Ti6 decreased in the same
order as the hydrophilicity of the four substrates.
The morphology of the biofilm differed on each type of substrate. Bacterial stacks were only
observed on Ti1, Ti2 and Ti4, but not the others. Even on substrates with comparable amounts
of bacteria according to the protein assay, as in the case of Ti2 and Ti4, or Ti5 and Ti6, the
biofilm showed significant differences. These observations suggest that substrate surface
topography contributes to biofilm architecture.
The porous titanium web was proved to be suitable as a support for biofilm development.
Although in the SEM images bacteria appeared be longer at the periphery of the structure but
shorter inside, a 3D reconstruction of the biofilm indicated that the distribution of large
bacterial clumps was more or less similar regardless of their locations. However, the fixation
and dehydration during sample preparation may introduce significant deformation of the
biofilm. Moreover, the accuracy of micro CT is limited by its resolution. Therefore other
techniques such as confocal microscopy will be used in the future work for a more accurate
investigation.
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Chapter 5 Discussion-bacterial adhesion, proliferation and biofilm formation
This chapter is a general discussion of the results in Chapter 3 and Chapter 4: the influence of
titanium alloy structure on bacterial adhesion and proliferation, and Serratia biofilm
formation on titanium substrates.
5.1 The influence of titanium alloy structure on bacterial adhesion and proliferation
The results in Chapter 3 are discussed in this section. The importance of this work not only
lies in the clinical fields, but also in its novel approach to study the relationship between
microbial distribution and metal microstructure using a non-destructive method based on
direct electron microscopy and image analysis.

5.1.1 The influence of CP Ti grain boundaries and grain orientations
GBs and grain orientations are metallurgical characteristics closely related to manufacturing
methods. They are potential bacterial growth promoters/inhibitors due to the morphology and
energy changes at GBs and between different grain orientations. If we had a better
understanding of these potential influences, the adhesion and proliferation of bacteria on any
metal surface could be manipulated by simply modifying the production methods to deplete
or promote GBs and certain grain orientations.
The previous researchers to analyse the influence of metal microstructure on bacterial
adhesion often used indirect methods, and sometimes did not consider the effect of surface
roughness, as described in § 1.7. The surface used in this study was mirror-polished without
etching, therefore the artefacts due to surface roughness avoided. The bacterial distribution
and the metal microstructure are examined directly on the same surface using backscattered
electron signals (BSE) and electron backscattered diffraction (EBSD) without any further
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treatments such as polishing and etching. Thus, the statistical investigation is more reliable.
Moreover, it is worth mentioning that some of the previous work failed to separate adhesion
from proliferation. While adhesion is a physical chemical reaction between the bacteria and
the surface, proliferation involves the growth and reproduction of the cells [1]. Walsh et al.
(1993), for example, concluded that bacterial adhesion was random; it was not until the
proliferation stage that the cells became sensitive to the substrate metallurgical features [2].
The introduction of PBS as the suspension medium in this study was essential to distinguish
the adhesion stage, as no nutrients are available for bacterial growth. Moreover, unlike the
stainless steels used in most of the previous studies, pure titanium obviously does not have
any significant elemental segregation at the grain boundaries when compared with steels,
hence, the only parameters, once it is properly polished and the influence of surface roughness
is thus avoided, that may affect the bacterial behaviour are the energy and structure at the GBs
and between different grain orientations.
The influence of grain boundaries
There have been reports of GB associated bacterial adhesion to stainless steels [3, 4],
attributed to both the high surface energy and elemental accumulation at the GBs. Recently,
bacterial adhesion was reported to be promoted on equal channel angular pressed titanium
with a nano-crystalline structure (mirror polished), attributed to the increase of the surface
roughness at the nano-scale due to its high concentration of GBs [5].
The random distribution of bacteria on CP Ti seen in this study, in both adhesion (S.
epidermidis, S. sanguinis, E. coli and Serratia) and the early proliferation (Serratia) indicates
that the GB itself is not enough either to promote bacterial adhesion, or to stimulate
preferential colonisation. That is to say, the adhesion of S. epidermidis, S. sanguinis, E. coli
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and Serratia and the early proliferation of Serratia are not sensitive to the energy or
morphology change at titanium GBs. Unlike the nano-crystalline titanium surface where
bacterial attachment was reported to be significantly increased [5], the titanium in this work is
a commercially available cold-rolled substrate with grain size ranging from 10 to 100 m.
Thus, the GB density is much lower and the surface discontinuity due to the existence of GBs
is not as frequent as on the nano-crystalline surface, but only occurs occasionally. It may be
only when the GBs are so dense that they contribute to the surface roughness that the bacterial
behaviour will be affected. The previously observed phenomenon of GB-associated bacterial
accumulation on stainless steels may be entirely due to the elemental accumulation, rather
than being a function of the chemical difference and energy change at the GBs as the authors
concluded [3, 4].
The influence of grain orientation
This work is the first to investigate the influence of grain orientation on bacterial distribution.
However, pre-osteoblast responses were demonstrated to be grain orientation-related [6]. The
results in this work suggest that grain orientations may be irrelevant, as neither the
Gram-positive nor the Gram-negative bacterial strains tested showed any preference toward
any specific texture during either adhesion or early proliferation. The previous finding of
grain orientation-related osteoblast cell attachment was obtained from experiments in which
the authors compared the number of cells on two separate samples with different dominant
orientations [6] rather than comparing cell behaviour in relation to each specific grain as in
this work. They attributed the preferential attachment to the higher hydrophilicity of the
(101 0) orientation dominant sample, but they failed to compare the cell behaviour on grains

at a micro-scale. The random bacterial adhesion regardless of grain orientation in this work
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suggests either that unlike osteoblast cells, bacteria are not sensitive to grain orientations, or
even if they are, the slight difference at the micro-scale cannot trigger a grain
orientation-specific bacterial adhesion.
As a conclusion, the observations in this work suggest that the surface energy/morphology
change due to the microstructure of the substrate is not important, either in the adhesion or in
the proliferation phase.

5.1.2 The influence of Ti 64 alloying components
A V-rich site-specific adhesion of S. epidermidis has been reported on Ti 64 [7]. However, the
substrate used in that work was etched before being exposed to the cell culture, producing
discontinuities on the surface [8]. Bacteria are sensitive to these features and tend to attach
better on rougher surfaces. Therefore it is possible that their results were in fact caused by
etching-induced roughness rather than by the surface chemistry difference. To avoid such
confusion, in the present study the substrate was mirror-polished and backscattered electron
imaging was used to reveal the distributions of S. epidermidis and S. sanguinis in relation to
the substrate phase structure without the disturbance of roughness. As Serratia and E. coli
bacteria have a similar size to the grains of Ti 64, their distribution to Ti 64 phase structure
could not be analysed. Selective colonisation of the two Gram-positive bacteria was not
observed. However the chemical composition does have an effect on bacterial behaviour, as
could be indicated by the differential adhesion on separated CP Ti, Al and V shown in Figure
3. 7. The bias between the two phases in Ti 64 alloy – due to a higher content of V and lower
content of Al in

phase - may not be high enough for bacteria to detect it at the attachment

stage, since there was no noticeable distinction between the number of bacteria on CP Ti and
Ti 64, nor was any phase-preferential attachment observed on Ti 64.
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Interestingly, the two Gram-positive and the two Gram-negative bacteria showed different
patterns when comparing their adhesion on CP Ti, Ti 64, Al and V which can be seen clearly
in Figure 3. 7. The cell wall of a Gram-positive bacterium is constructed from peptidoglycan
networks, but in a Gram-negative bacterium, it is always terminated by an extra outer
membrane associated with lipopolysaccharide (LPS) [9]. This structural difference may
contribute to the opposite adhesion behaviours observed in this study. However, further
investigation including more bacterial strains is necessary for a thorough understanding of the
phenomenon. In spite of the existence of Al and V, all the bacteria adhered equally well to CP
Ti and Ti 64: this was true not only of the Gram-positive bacteria but also the Gram-negative
ones which are far more sensitive to pure V, as indicated in Figure 3.7. This comparable
adhesion between the two titanium systems is in good accordance with various previous
reports [2, 7], and is attributed to the similar surface wettability of the two substrates in terms
of water contact angles.
The chemical composition of the substrate is another important factor which may influence
bacterial adhesion [1, 7, 10, 11]. Aluminium was found to inhibit bacterial adhesion and
growth in this study. Illmer and Schinner (1997) reported that motility of Pseudomonas sp.
(Gram-negative) and Arthrobacter sp. (Gram-positive) was distinctly decreased by Al3+ [12].
This may be caused by the bonding of Al3+ to ATP, which is responsible for energy
transportation within cells. ATP exists as a complex with Mg2+, but its ability to bond with
Al3+ is 107 times higher than that with Mg2+ [13]. Hence, once Al enters the cell, the normal
energy flow will be interrupted and the energy essential for bacterial movement and other
activities will be inaccessible [13].
In spite of the protection of the oxide film in Ti 64, Al is theoretically able to escape from the
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substrates into the solution as ions, and bacteria can contribute to the process. For example,
microbial-induced corrosion is very common in concretes [14] and metals [15-17]. Bacterial
metabolic products are implicated in this process. It has been reported that microbial secreted
organic acids could result in the corrosion of aluminium and aluminium alloys [18, 19]. The
oxide layer on Ti 64, in spite of the alloying elements of Al and V, is mainly composed of
TiO2 which is known to be stable and resistant to corrosion. It is possible that after a short
exposure time of only four hours, it stays intact and the release of Al is negligible. Thus no
difference is found when comparing the adhesion on Ti 64 with that on CP Ti. After
proliferation for 24 hours, the difference between the number of Serratia on CP Ti and on Ti
64 was still not significant, suggestion that either that the oxide layer on Ti 64 is still intact, or
the concentration of the escaped Al ions is not enough to affect bacteria behaviour. Further
investigation will be necessary. The amount of bacteria on CP Ti and Ti 64 will be compared
for a longer exposure time. More bacterial strains will also be involved.
5.2 Serratia biofilm formation on titanium substrates
The results in Chapter 4 are discussed in this section to investigate the biofilm development
on solid titanium substrates and on a porous titanium mesh.

5.2.1 Serratia biofilm formation on titanium discs
Serratia biofilm formation was observed on six different titanium surfaces in order to
understand the influence of substrate surface treatments on biofilm development. Previous
studies usually focused on the early stages of biofilm development [20-25], and the
morphology of the biofilm on titanium with different topographies is often overlooked. In this
work, biofilm was allowed to grow for 7 days, and its formation was compared on titanium
discs with different surface treatments, some of which were model dental implant surfaces.
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Biofilm formation on any substrate involves 5 stages (§ 1.5.4): 1. initial bacterial attachment;
2. the production of extracellular polymer matrix (EPM) and thus firmer adhesion; 3. early
biofilm development by bacterial colonial growth; 4. the formation of a mature biofilm
architecture; 5. bacterial detachment. During this process, not only the initial bacterial
attachment is important, but also the production of EPM, which is an important component of
a biofilm as it provides a matrix which contributes to the biofilm structure [26]. With its help,
firmer attachment can be achieved [27]. Substrate surface properties may affect the biofilm
development by influencing the initial bacterial attachment and the spread of the EPM layers,
and subsequent biofilm growth.
Due to the limitation of equipment, protein assay was used to evaluate the amount of bacteria
in the biofilm. However, this method may not give an accurate result because there were still
attached bacteria on the substrate after the specimen had been ultrasonicated in Triton X-100
solution. Judging by the SEM images, the number of bacteria on Ti1 (Figure 4. 5), Ti2 (Figure
4. 6) and Ti4 (Figure 4. 8) should be higher than that on Ti3 (Figure 4. 7), Ti5 (Figure 4. 9)
and Ti6 (Figure 4. 10), due to the existence of large bacterial clumps on the former group.
This is consistent with the protein assay (Figure 4. 4). In the SEM images, there appeared to
be more bacteria on Ti6 (Figure 4. 10) than on Ti3 (Figure 4. 7) and Ti5 (Figure 4. 9), whereas
the protein assay (Figure 4. 4) showed the opposite. It is possible that due to the
micro-roughness on Ti6 (Figure 4. 1k & i), the biofilm was not removed as effectively as on
the comparatively smoother Ti3 (Figure 4. 1e & f), and thus showed lower protein content
during bacterial protein assay. The adhering strength of the attached biofilm will thus worth
further analysis. However, SEM observation has its drawbacks as well, since only limited
sites of interest can be observed. Thus, more accurate techniques will be used in the future
work. If the protein assay results are reliable, the following discussions can be made.
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5.2.1.1 The influence of substrate surface wettability
A weak positive effect of the substrate hydrophobicity on biofilm growth was observed,
consistent with previous findings [28, 29]. The protein assay suggested that there were more
bacteria on the hydrophilic Ti1, Ti2 (WCA<90º) and Ti3 (WCA~90º) than on the hydrophobic
Ti5 and Ti6 (WCA>90º) (Figure 4. 2 and Figure 4. 4), with the biofilm on Ti4 appearing to be
an exception: it is hydrophobic but a significant layer of biofilm has formed on its surface.
EPM is highly hydrated, with 98% water and the rest polysaccharides, proteins and nucleic
acids [26]. Undoubtedly, it binds much more easily to hydrophilic surfaces and is less capable
of spreading on hydrophobic ones. Thus, it is possible that the spread of the bacteria/EPM
matrix is easier and faster on hydrophilic substrates (Ti1, Ti2 and Ti 3) than on hydrophobic
Ti5 and Ti6, which means they reach Stage 3 earlier, bacterial colonial growth, where most of
the proliferation or adhesion happens within the bacterial colony but away from the substrate.
After that, only bacteria-bacteria interactions are involved. Thus, the amount of bacteria on
Ti1, Ti2 and Ti3 exceeds that on Ti5 and Ti6, possibly due to their abilities to allow EPM to
spread over the surface in spite of their low Ra values.
5.2.1.2 The influence of substrate surface roughness
Surface roughness is generally considered as an important factor in bacterial adhesion and
thus may be equally significant in biofilm growth. It is closely related to peri-implantitis,
which is a chronic bacterial infection with the loss of supporting bone in the tissues
surrounding the implant [30]. It is known that rougher surfaces promote initial bacterial
attachment [10, 31] and are found to have a profound effect on plaque biofilm formation [23].
During a long-term follow-up study to compare the failure patterns of the Interpore IMZ
implants and the Strauman ITI implants, Esposito et al. (1997) found that the rougher IMZ
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implants showed a higher prevalence of late failures due to peri-implantitis [32]. In this study,
however, surface roughness did not appear to have a major influence on biofilm formation.
The number of bacteria on each surface (according to the protein assay, Figure 4. 4) seemed to
be independent of the substrate roughness as indicated by Ra value (Figure 4. 3). The highest
number of bacteria appeared on Ti2, the mirror polished titanium with the lowest Ra value of
0.04±0.01 m. Ti6 is rougher than all the substrates except Ti4, yet appeared to have the
fewest bacteria.
The better bacterial adhesion on rough surfaces is usually explained by more available
bonding sites, as well as a sheltering effect. On a flat surface, the bacteria are bonded to the
surface through reactions between proteins and the surface, as illustrated in Figure 5. 1a. On a
rough substrate, this bonding can be strengthened further by more available bonding sites as
well as by a potential physical anchorage of cell appendages such as fimbriae in the case of
Serratia onto the protrusions on the surface (Figure 5. 1b). This may lead to a faster and more
secure adhesion and contribute to a better bacterial adhesion to rough substrates. The
sheltering effect can protect the attached bacteria against shear forces from medium flow, as
seen in Figure 5. 2.
.
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a: Bacterial adhesion to a smooth surface

Serratia
Fimbriae

Substrate

Substrate

b: Bacterial adhesion to a rough surface

Substrate

Substrate

Figure 5. 1 Bacterial adhesion to a smooth/rough surface
a: Bacterial adhesion to a smooth surface where fimbriae have nothing to hang onto. The
magenta spots at the interface suggest the possible bonding sites.
b: Bacterial adhesion to a rough surface where fimbriae are anchored by the surface
extrusions. The magenta spots at the interface suggest possible bonding sites and arrows point
to where the fimbriae are physically anchored by the surface protrusions.
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a: Bacterial detachment from a flat surface due to flow shear
Detached
bacterium

Flow direction
Bacterium

Smooth surface

b: Sheltering effect of the rough surface against flow shear
Flow direction

Rough surface

Figure 5. 2 A diagram showing the sheltering effect of a rough substrate to protect bacteria
against flow shear
a: Bacterial attachment to a smooth surface: bacterial detachment due to flow shear
b: Bacterial attachment to a rough surface: the rough surface protects bacteria against the flow
shear
It is possible that bacteria are more sensitive to surface roughness in the early biofilm
development when they still have direct contact with the substrate surface (Figure 5. 3a). As
soon as the colonies spread to cover the entire surface, or rather, the EPM forms a matrix to
mask the substrate, the surface roughness will be obscured by these organic structures. In
consequence, it is this organic matrix rather than the titanium surface that acts as the direct
reaction layer with the newly attaching planktonic bacteria adding to the biofilm structure
(Figure 5. 3b). Hence, after this complete coverage of the substrate, the substrate can only
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influence the bacteria indirectly via the morphology of the already formed matrix (Figure 5.
3c), if the effect of substrate chemical composition is not taken into consideration.

Serratia
Reaction
front

EPM

Substrate

ba

a

c

Figure 5. 3 Schematic drawing of the change of reaction front during biofilm formation
a: The initial bacteria adhesion, when the reaction front is at the bacteria-metal interface (the
red line).
b: The complete coverage of the substrate by bacteria and EPM (the light blue part), when the
reaction front changes to the bacteria/EPM matrix-newly attended bacteria interface. The
topography of the substrate is thus obscured.
c: Further colonial growth through bacterial proliferation or addition of newly attached
bacteria.
It is possible that for Ti1, Ti2, Ti3, Ti5 and Ti6, with Ra values much lower than that of Ti4
(Figure4. 3), the topographies of the EPM matrix are more or less the same after complete
covering of the metal surface. However, the substrate topography of Ti4 may not be entirely
masked even after complete coverage by the EPM matrix, due to the outstanding Ti granules
which are approximately 40

m in diameter (Figure 4. 1g). These granules are possibly

features favouring biofilm development due to the sheltering effect, as bacterial colonies are
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frequently found to extend from these granules to the underlying surface (Figure 4. 8). Thus,
although it is hydrophobic, the amount of bacteria on it is the second highest of the six,
comparable to Ti2.
5.2.1.3 The influence of substrate surface chemistry
The addition of planktonic bacteria is not the only route to biofilm growth. The proliferation
of the adherent cells also contributes to this process. Here, the substrate surface chemistry will
be very important as it may promote or inhibit the bacterial growth and thus the development
of a biofilm is either enhanced or inhibited. A surprisingly high number of bacteria appear on
the mirror polished Ti2 surface regardless of its smoothness. The reason that it outperforms
even Ti1 and Ti3, which are both hydrophilic and much rougher, is possibly the Al released
from the embedded Al2O3 particles in the last two. Al may be a potential bacterial growth
inhibitor, as demonstrated in § 5.1.2. Although its influence on biofilm growth is yet unknown,
Prado da Silva et al. (2003) reported that it took a longer time for human osteoblast-like cells
to proliferate and reach confluence on an alumina grit blasted titanium surface regardless of
its high surface roughness [33].The cell number on Ti1 is higher than that on Ti3, which could
be a joint effect of both hydrophobicity and Al ion release, which is faster on Ti3 due to its
higher surface area. The Al ion release from alumina grit blasted Ti 64 was found to be seven
times higher than for the polished surfaces, which is attributed to the embedded particles and
the greater surface area available for metal ion release [34]. However, it was also observed
that bacteria attached equally well on the embedded Al2O3 and the titanium substrates on Ti3
(Figure 4. 7c). Therefore a more systematic study will be necessary to further investigate the
role of Al, for example, to compare the biofilm development on Al2O3 grit blasted surfaces
with that on surfaces with similar roughness but without Al.
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5.2.1.4 The influence of substrate surface topography
Biofilm morphology was observed after fixation and dehydration of the specimen which may
cause artefacts such as shrinkage and deformation of the biofilm during the process [35].
Nevertheless, they were found to differ considerably from substrate to substrate. Typical
mature biofilm structures like ‘stacks’ were only observed on Ti1 (Figure 4. 5) and Ti2
(Figure 4. 6). However, these colonies are not the same: the colonies on Ti2 are flattened and
composed of highly oriented bacteria, but on Ti1 they are much more outstanding and the
bacteria are more randomly arranged.
Bacterial ‘bridges’ were seen on Ti4 to extend from the protruding granules to the substrate
(Figure 4. 8). They are composed of highly oriented bacterial bundles, as may be seen in
Figure 4. 8a & b. This ‘hanging bridge-formation’ is commonly observed in this work but
never been reported elsewhere. It is of great interest, as it demonstrates the ability of Serratia
to link together far separated features - from titanium granules to the substrate in this case (40
µm) and to cross between different titanium wires more than 100 µm apart (§ 4.2.2).
To date, the morphology of biofilm on titanium with different surface treatments has been
rarely studied. Thus, it is still not clear what the exact role the substrate topography is on
biofilm structure. In this study, it was observed that biofilms with comparable numbers of
bacteria, for example, on Ti2 and Ti4, Ti5 and Ti6, showed entirely different morphologies
(Figures 4. 6, 4. 8, 4. 9 and 4. 10). This study is the first to offer evidence that the substrate
micro-topography may help to shape biofilm. Further studies with more complex biofilms are
necessary.
The apparently low number of bacteria on Ti6 after a period of 7 days in the fermenter is of
great interest. It is generally believed that the adhesion of either bacteria or cells is initiated by
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protein absorption onto the substrate. Substrates with higher wettability are thus considered to
be more suitable supports for cell growth [36]. It has been demonstrated that the Dentsply
Friadent Plus surface (Ti6 in this work) changed from extremely hydrophobic to hydrophilic
after a second contact with water during a dynamic water contact angle measurement, which
was attributed to the presence of overhangs and hierarchical levels of micro-porosity and
air-entrapment [37]. Similar phenomena were also observed during the WCA measurement in
this work (data not shown). Sammons et al. (2005) found that osteoblast cells spread more
rapidly on the Plus surface (Ti6 in this study) when compared to a plasma sprayed surface
(Ti4), a grit blasted surface (Ti3) and an acid etched surface (Ti5) [36]. However, unlike
mammalian cells, a inferior biofilm growth was observed on the Plus surface in this work. If
the protein assay is reliable, these observations suggest that this kind of surface feature may
promote mammalian cell adhesion whist inhibit biofilm formation, which can be clinically
advantageous and merits further investigation. Similar observations have been reported by
Puckett et al. (2008 & 2010) who observed that an electron beam evaporated titanium with a
nano-rough surface favoured osteoblast inhabitation [38] but inhibited the adhesion of both
Staphylococcus and Pseudomonas strains [39]. However not all nano-scale features have
similar effects, as titanium with nano-tubular and nano-textured features can promote
osteoblast adhesion as well as bacterial attachment [39].

5.2.2 Serratia biofilm formation on porous titanium web
To study the bacterial distribution within a 3D porous matrix is important, not only in terms of
bacterial-induced infections, but also for applications such as bacterial biomineralisation and
microbial fuel cells [40] and waste water treatment [41-43] where porous scaffolds are used as
carriers for biofilm development.
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After 5 days, bacteria were found to grow throughout the entire structure of the titanium web
(in a continuous culture with fresh media flowing through). Although most of the colonies are
found coating the titanium fibres, as seen in Figure 4. 12a, they are also able to form ‘bridges’
between different wires (Figure 4. 12e). Given the probable shrinkage of the biofilm during
fixation and dehydration, it is very likely that even those colonies clinging to the titanium
fibres, when still hydrated, actually are extended within the structure to form secondary
structural scaffolds, rather than depending on any single titanium wires, as observed in the
dehydrated condition (see Figure 5. 4). These bridges are very important as they will act as
secondary pathways for HA formation independent of the titanium wires inside the structure,
as will be returned to in Chapter 8. In summary, the results in this part of the work confirm the
possibility of using porous titanium webs as a bacterial growth scaffold.

Porous substrate

Biofilm

a

b

Figure 5. 4 Bacterial colony shrinkage due to fixation and dehydration
a: Hydrated condition: bacterial colonies form bridges across the pores.
b: Dehydrated condition: bacterial colonies shrink and cling on to the substrate.
The biofilm formation on a porous substrate is illustrated in Figure 5. 5. When a porous
scaffold is exposed to a bacterial culture, at the beginning the entire structure has equal access
to both bacteria and nutrient/air supply (Figure 5. 5b). At this stage, the chance of bacterial
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adhesion and proliferation is more or less the same throughout the structure, regardless of
location. However, further growth can significantly reduce the pore size of the scaffold and
thus the permeability of the medium is restrained [44]. As a result, the bacterial growth at the
periphery of the structure, where the medium is fresh and the air access good, may be much
faster than that deep inside. Thus, the biofilm formation is started by bacterial colonisation at
these preferred locations (Figure 5. 5c). Further colonial growth narrows the pores of the
structure and in turn restricts the ‘pathways’ for the transportation of oxygen and nutrients,
resulting in a medium/oxygen - deficient zone inside (Figure 5. 5d), which makes the biofilm
growth in this zone even more difficult due to a lack of nutrients. In fact, biofilm growth on
any porous substrate is nutrient supply-controlled. For example, bacterial proliferation
throughout any 3D structure can be difficult in a soaking method if the solution is kept still
[46]. Bacterial growth is likely to be limited to just a few layers in depth, otherwise as it is
inhibited by the impeded access to nutrients from the external medium [45, 46]. In this study,
although it is not clear whether bacteria preferentially colonise at the periphery of the porous
matrix (due to the deformation of the biofilm during fixation and dehydration), bacteria are
observed to be shorter and the biofilm thinner inside the porous scaffold (Figure 4. 13),
suggesting that even in continuous culture with fresh medium flowing through, the situation
as illustrated in Figure 5. 5 may still occur.
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Rinsed in
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Porous
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a
b
Further colonial
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blockage of
medium supply
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Bacterial
culture

The initial
formation of
bacterial
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Medium/oxygen
-deficient zone
c

Figure 5. 5

d

Bacterial colony

Biofilm formation on a porous scaffold

a: A porous scaffold.
b: The scaffold is exposed to a bacterial culture.
c: Bacterial preferential colonisation at the periphery of the substrate.
d: Further growth of bacterial colonies and the blockage of medium supply passages, resulting
in a medium/oxygen-deficient zone in the middle where biofilm growth is largely restrained.
Common techniques to analyse the structure of a biofilm usually include confocal microscopy
[47, 48], scanning electron microscopy and florescence microscopy [45, 46]. The observation
of bacteria in this work was by SEM, which, although it cannot distinguish the cell activity,
has the advantages of permitting more precise observation of the bacterial geometries,
locations, and their relations to the substrate. In this work, as judged by SEM, the biofilm is
thicker and the bacterial cells are longer at the periphery of the Ti web, but thinner and shorter
inside. The bacterial distribution was characterised further using Micro X-Ray CT. However,
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due to the resolution limitation, only large clumps (>~50 m) can be observed. The small
colonies and the biofilm wrapping each titanium wire are undetectable. Thus, in terms of
resolution, Micro X-Ray CT was not adequate to analyse bacterial distribution in this porous
substrate. Nevertheless, it did confirm that bacterial colonies were present throughout the
structure, which was surprising as they were hypothesised (from SEM) to concentrate at the
periphery, presumably in areas where oxygen and nutrients were not limited.
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Chapter 6 Biomineralisation of HA on titanium discs
Serratia biomineralisation of hydroxyapatite was utilised by Thackray et al. (2005) as a
potential process to fabricate bone graft substitute material [1], and the products were
characterised by Sammons et al. in 2007 to be HA [2]. In this study, this method was explored
further for its potential to produce HA coated titanium substrates for medical applications.
Independent biomineralisation was repeated 5 times, with 10 samples loaded in the bioreactor
in each experiment. The samples were taken from the bioreactor randomly for examination.
The representative data were shown in this Chapter.
6.1 Al2O3 grit blasted pure titanium as substrate
Al2O3 grit blasted pure titanium discs were used as substrates to support HA coatings for the
following reasons. First of all, Al2O3 grit blasting is a well developed technique for
roughening surfaces which is widely used on clinical devices such as titanium dental implants
and hip replacements, to increase the surface area and improve bone interlocking. Secondly,
according to the previous study described in Chapter 4, the biofilm structure on this kind of
specimen consists of a thin bacterial layer (one cell thick) superimposed on which were
bacterial stacks of several layers of bacteria, producing a porous structure. This kind of
architecture is of great interest because if it could be maintained following mineralisation and
subsequent sintering it would provide a porous coating and thus a high surface area for cell
and bone attachment to an implant. During the following biomineralisation stage, the Serratia
biofilm acts as the template for the crystal coating. In other words, the shape of the crystal
coating may follow that of the biofilm and determines the final morphology.
As illustrated in Chapter 4, Al2O3 grit blasting results in a roughened surface with alumina
particles embedded in the surface, as shown in Figure 6. 1a & b. Although an undesirable
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consequence of grit-blasting, such embedded particles are commonly seen on implant surfaces.
A cross section study provides further confirmation (Figure 6. 1c). It was also found that the
substrate microstructure was modified. Three different regions were observed: a heavily
deformed surface layer consisting of nano-crystalline grains (less than 1 m thick, 3 in Figure
6. 1e), lying underneath which was a second layer around 5 m thick deformed mainly by
twinning (4 in Figure 6. 1e) beneath which was the non-deformed substrate (2 in Figure 6.
1d).
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Figure 6. 1 The influence of Al2O3 grit blasting on the morphology and microstructure
of a titanium substrate
a: A roughened surface (SE imaging).
b: (a) at higher magnification showing the embedded Al2O3 particle (SE imaging).The inset
EDX spectrum confirmed the particles are alumina.
c: BSE imaging of the cross section showing the embedded Al2O3 particles (arrows).
d: Substrate microstructure change due to grit blasting (BSE imaging). Note the severely
deformed layer on the sample surface. 1: deformed layer; 2: unaffected titanium substrate.
e: Microstructure of the deformed layer at higher magnification (the square site in (d), BSE
imaging), composed of a nano-crystalline surface (3) and a twinned zone (4).
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The Ti discs then were incubated in the fermenter where Serratia biofilm formed on the
surface (see § 2.2.2), and subsequently biomineralisation for 10 days where a thick crystal
coating was produced to cover the entire sample (see § 2.3.2). The crystal-coated Ti discs
were dried at 60 oC for 24 hours before they were characterised by XRD, SEM and TEM.
6.2 XRD analysis of the crystal coating
XRD analysis was carried out on the coating crystals. The XRD pattern of the biomineralised
crystals (nascent crystals) is compared with that of a commercial available CAPTAL HA in
Figure 6. 2. Peaks matching (0002), (2131) , (213 3) and (0004) of HA can be found in the
pattern of the nascent crystals, and the overall distribution of this pattern is similar to that of
CAPTAL HA, suggesting that the crystals may be a precursor form of HA. The broad peaks
of the nascent crystals suggest nano-scale crystals.
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Figure 6. 2 XRD pattern of the crystals in comparison with that of CAPTAL HA
█ marks where the peak matches HA standard (PDF reference code: 00-024-0033).

6.3 An SEM analysis of the coating
6.3.1 Coating morphology
The biomineralised coating was porous, consisting of large crystal lumps superimposed on a
comparatively even crystal matrix, as can be seen in Figure 6. 3a. The plan views show that
both the clumps (Figure 6. 3b) and the matrix (Figure 6. 3c) consist of crystal spheres which
are usually several micrometres in size. Cracks are found throughout the coating, as seen in
Figure 6. 3c. The coating can be easily scratched or squashed.
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Figure 6. 3 The structure of the crystal coating formed on titanium (SE imaging)
a: Plan view: crystal clumps (diamond) and crystal matrix (square) structure.
b: The morphology of the crystal clumps, ◊ site in (a).
c: The morphology of the crystal matrix, □ site in (a).
Figure 6. 4a is a cross section through the crystal coated titanium (see Figure 2. 9d),
demonstrating the porous coating observed in Figure 6. 3a. While the crystal matrix is flat and
thin and around 10 m deep, the clumps can be as thick as 100 m. The coating is porous
within both the clumps and the matrix, as confirmed in Figure 6. 4b. No significant difference
can be observed between crystals adjacent to the titanium substrate (single arrowed site) and
those on the coating surface (double-arrowed site) (Figure 6. 4b). A detailed analysis of the
cross section shows that the coating consists of small (0.5 to 1 µm) spheres (black arrows in
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Figure 6. 4c), occasionally covered by shells (red arrows in Figure 6. 4c & Figure 6. 4d). The
clusters are generally smaller than those observed in the plan view, indicating that those
observed in Figure 6. 3 are possibly the crystal shells.

a

b

c

d

Figure 6. 4 The structure of the crystal coating formed on titanium (BSE imaging)
a: Cross section through the crystal coated titanium.
b: Crystals near the titanium substrate (single arrowed site) and 30 m away from titanium
(double-arrowed site) are similar. This image is the rectangular in (a) at higher magnification.
c: The squared site in (b) at higher magnification, showing crystal clusters (the brightest area,
indicated by the black arrows) and crystal shells surrounding the crystal clusters (red-arrowed
sites).
d: The squared site in (c) at higher magnification. The arrows point to the crystal shells
covering the crystal clusters.
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6.3.2 Crystal morphology
At higher magnification, the ‘micro-spheres’ shown in Figure 6. 3b&c are observed to consist
of nano-scale crystals. Three different morphologies can be found via SEM: spheres with a
fluffy appearance (Figure 6. 5a), spheres consisting of nano-scale curved plates (around 200
nm wide, Figure 6. 5b & c) and spheres composed of crystal plates (around 1 m wide, Figure
6. 5d). The curved plate-like structure is dominant, and the plates if any are found buried deep
inside the coating. However, the resolution of SEM is insufficient to explore the crystal
morphology any further. For example, it is not possible to give a detailed description of the
crystals in Figure 6. 5a, which are very likely to have the same morphology as those in Figure
6. 5b, but much smaller and thus not distinguishable by SEM.
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Figure 6. 5 The morphology of the crystal coating* (SE imaging)
a: Spheres with a fluffy appearance. The rods in the image are Serratia bacteria.
b: Curved plate-like crystals.
c: The crystals in (b) at higher magnification (the squared site in (b)).
d: Plate-shaped crystals (the rods indicated by the arrows are Serratia cells).
* Biomineralisation was repeated independently for 5 times, with 10 samples in each
experiment. A set of representative data from one sample chosen randomly from all the
specimens was presented in Figure 6.5
6.4 A TEM analysis of the coating crystals
The crystals were characterised further by TEM. However, they are extremely beam sensitive.
At 200 kV, the morphology changes almost immediately. In less than 10 s, the borders of the
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plate-shaped crystals merge and form structures shown in Figure 6. 6b, which makes the
observation of the crystals difficult.

a

b

Figure 6. 6 Crystal morphology changes under TEM after 10 s’ observation
(b) is the same site as (a) after 10 s at 200 kV accelerating voltage. The arrow in (a) points to
the border of a crystal plates which is no longer visible in (b).
Nevertheless, both the curved plates (Figure 6. 7a) and the flatter plates (Figure 6. 7b),
corresponding to the features displayed in Figure 6. 5, can be found by TEM. While the
curved plates are around 100 to 200 nm across, the flat plates are much larger, from several
hundreds of nm to around 1 to 2 m wide. A cross section through the crystals is shown in
Figure 6. 7c. They are all fairly thin, usually around 5 nm.
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Figure 6. 7 The morphology of the crystals in the TEM
a: The curved plate-like crystals at higher magnification (bright field imaging, 80kV);
b: The plate-shaped crystals (bright field imaging, 80kV);
c: Cross section through the crystal (HAADF, 200 kV);
d: Selected area diffraction (SAD) pattern of (c) (200 kV). The arrows point to partial rings,
indicating preferential crystal orientation.
The polycrystalline diffraction pattern displayed in Figure 6. 7d corresponds well with HA.
The arced rings of (0002), (2131) and (213 3) indicated by the arrows in Figure 6. 7d suggest
a preferential crystal orientation. Diffraction patterns obtained from single crystals are
displayed and indexed in Figure 6. 8, confirming further that the crystals are indeed HA.
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Figure 6. 8 SAD patterns of the crystals and their indexing
(b) is a SAD pattern obtained from the arrowed crystal in (a). It is indexed in (c): zone axis =
[0 112] .

(e) is the SAD pattern obtained from the arrowed crystal in (d). It is indexed in (f): zone axis
= [2110] .
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TEM/EDX analysis shows a Ca/P ratio of 1.27 ± 0.11, lower than that of stoichiometric HA,
which is 1.67. Trace amounts of Na and Cl were also observed. A typical EDX spectrum is
shown in Figure 6. 9.

Ca
P

O

Na

Cl

Figure 6. 9 A typical TEM/EDX spectrum from the nascent crystals
6.5 Crystal-substrate interface structure
To analyse the coating-substrate interface is crucial. Not only that it will help to understand
how the coating is bonded to titanium, but other information may be obtained, such as
whether the metal substrate interferes with bacterial mineralisation. This interface study was
carried out using a FIB to create a trench in the surface in order to observe the cross-section.
The method was described in § 2.4.7.2. The specimen was coated with tungsten (W, 1 in
Figure 6. 10a) as a protection layer before ion milling. As seen in Figure 6. 10, the interface
region consists of Serratia (arrows in Figure 6. 10b), the bacteria-synthesised HA (2 in Figure
6. 10a), embedded Al2O3 (3 in Figure 6. 10a) and Ti substrate (4 in Figure 6. 10a). The
severely deformed titanium is composed of nano-grains and titanium twins (Figure 6. 10a &
c).
Electron charging at the interface area made observations at higher magnification difficult, as
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neither the crystal layer nor the embedded Al2O3 particles are conductive. As a result, the
interface between 2 and 3, indicated by the red line in Figure 6. 10, was not clear. Although
bacteria-shaped structures can be seen easily in Figure 6. 10a, either because of charging, or
due to the re-deposition during ion milling, the fine features of the coating crystals (Figure 6.
5 and Figure 6. 7) are not observed.

a
1
2
b

3
3

4
c

Figure 6. 10 The coating-substrate interface (SE imaging)
a: The coating-substrate interface. (1. W coating. 2. Biomineralised HA coating. 3. Embedded
Al2O3 during the grit blasting. 4. Ti substrate. )
b: Enlarged red-squared site in (a) showing Serratia (indicated by the arrows). The interface
between the crystal coating and Al2O3 follows the red line.
c: Enlarged white-squared site in (a) showing the heavily deformed titanium surface due to
Al2O3 grit blasting.
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A TEM specimen around 90 nm thick was prepared by FIB, as shown in Figure 6. 11a. The
hole indicated by the arrow is a naturally existing crack in the coating, and others were caused
by ion milling in FIB/SEM. The crack goes through the entire coating and does not terminate
until it reaches the substrate surface. However, it can be seen that at sites other than at the
crack, an intimate contact is achieved at the interface (Figure 6. 11c).
Bacteria-shaped features are observed by TEM, always in company with holes, as seen in
Figure 6. 11b (arrows). However, it is not clear whether these holes suggest a
‘crystal-exclusive’ zone around the bacteria, because they are likely to be artefacts during
drying, ion milling and characterising using TEM. During drying, the coating lost most of its
water, including that from within the bacteria. Thus, in spite of the solid crystal support,
bacteria will shrink to a certain extent, leaving holes inside the coating. The author also
observed during the EM analysis that the organic matters such as bacteria, if not coated which
is the case in Figure. 6. 11, would easily shrink and deform during the characterisation. The
introduction of cryo technique will be needed in further investigation.
Although weak, a polycrystalline diffraction ring pattern can be obtained from the coating
crystals (Figure 6. 11d). However, unlike in Figure 6. 5 and Figure 6. 7, the morphology of the
crystals here resembled bubble-like features changing constantly when observed at 200 kV. It
is known that ion milling can introduce beam damage to the specimen, resulting in an
amorphous surface even when preparing metal samples. The crystal coating in this study is
beam sensitive. Thus, during the ion milling and thinning, the fine crystal structure was
destroyed entirely, resulting in the bubble-like features (2 in Figure 6. 11c) which are
destroyed even further by the high energy electron beam in the TEM. Preparing the sample in
a cryo-FIB may solve the problem, or simply using a thicker sample (§ 6.7.3).
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TEM analysis confirms further that grit blasting changes radically not only the morphology
but the microstructure of the titanium substrate at the surface (Figure 6. 11b), compared to its
original structure as shown in Chapter 3, Figure 3. 1. The superficial 1~3 m is a layer of
super-fine crystals, around 100 nm in size, with a twinning zone several micrometres thick
underneath. SAD patterns obtained from the titanium substrate and the embedded alumina are
displayed in Figure 6. 12 and Figure 6. 13, respectively.

Figure 6. 11 A FIB/TEM study of the coating-substrate interface
a: A TEM sample prepared by FIB (SE imaging). 1. Tungsten coating. 2. Biomineralised HA
coating. 3. Al2O3 embedded during the grit blasting. 4. Ti substrate. 5. Copper grid. Sample
thickness: ~100 nm. SAD patterns of the titanium substrate (4) are shown in Figure 6. 12.
b: TEM BF imaging of the squared site in (a). SAD patterns of the alumina are shown in
Figure 6. 13. The arrows points to
c: The squared site in (b) at higher magnification, showing HA-Ti interface (TEM BF
imaging).
d: Poly-crystalline diffraction pattern of the coating crystals (SAD pattern of the circular area
in (c)).
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a

b

Figure 6. 12

SAD patterns of Ti

((a): zone axis = [0111] . (b): zone axis = [1 213] )
a

b

Figure 6. 13 SAD patterns of Al2O3
((a): zone axis = [1 213] . (b): zone axis = [0001])

159

Chapter 6

6.6 The influence of flow rate and challenge time
The influence of both medium flow rate and challenge time on the crustal formation was
investigated by a simple SEM/EDX analysis of the Ca/P ratio of the crystals formed at two
different flow speeds and different stages during the biomineralisation. It can be seen in
Figure 6. 14 that the Ca/P ratio is not significantly affected by either the flow rate (1.5 ml/h
and 15 ml/h or the challenge time (from day to day 9). However, these EDX data may not be
accurate enough due to the reasons that will be discussed in Chpater 9. To examine the
hydroxyapatite formed by planctonic Serratia cells in flasks at different time points by
TEM/EDX may be a more propriated choice, which will be investigated in the future.

Crystal Ca/P ratio

3
2.5
2
1.5
1
0.5
0
Still

1

3
1.5ml/h

5

7

9
Challenge time/day

15ml/h

Figure 6. 14 The influence of medium flow rate and challenge time on the Ca/P ratio of the
nascent crystals (obtained from SEM/EDX)
6.7 The influence of alkali treatment
HA has been shown to form spontaneously on alkali treated titanium in SBF as described in §
1.4.1.4 [3, 4]. This treatment was introduced in this study to improve the coating-substrate
contact due to the potential ingrowth of HA into the alkali influenced layer. The influence of
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this layer on Serratia HA formation and the crystal structure at the coating/substrate interface
was investigated.
6.7.1 The influence of alkali treatment on the titanium substrate
Alkali treatment alters the substrate topography as well as the chemical composition. A
nano-scale open cell structure is produced on the grit blasted titanium surface, as seen in
Figure 6. 15. The cross section of this alkali influenced layer is displayed in Figure 6. 15c and
enlarged in Figure 6. 15d. It is around 1 m thick and covers both the Al2O3 particles and the
titanium substrate (Figure 6. 15c). However, cracks can be observed, possibly artefacts
produced during drying.
An SEM/EDX map showed that the layer was composed of Ti, Na and O (WDX map) (Figure
6. 16), consistent with previous reports that alkali treatment produces a thin film of sodium
titanate on the titanium surfaces [4]. Although the specimen has been heat treated at 600 °C,
the embedded Al2O3 particles appear to be stable, without significant diffusion into the
substrate. It is also worth noting that Al had not diffused into the sodium titanate layer either
(Figure 6. 16).
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a
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Resin

c

d

Alkali influenced layer

Al2O3
Ti

Figure 6. 15 The influence of alkali treatment on the grit-blasted titanium
a: The morphology of the grit blasted titanium treated with NaOH (SE imaging).
b: Higher magnification of (a) showing the morphology of the alkali-influenced layer (SE
imaging).
c: Cross section through the alkali-influenced layer (BSE imaging).
d: The rectangular area in (c) at higher magnification, showing the cross section of the
alkali-induced layer in detail.
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BSE image

Ti EDX map

O WDX map

Al EDX map

Na WDX map

Figure 6. 16 SEM/EDX/WDX map of the alkali treated Al2O3 grit blasted titanium (cross
section)
6.7.2 Nascent Serratia HA coating on alkali treated titanium
Neither the XRD profile (Figure 6. 17) nor the morphology of the crystals formed on titanium
substrates with (Figure 6. 18) and without alkali treatment (Figure 6. 5) differed, indicating
that the crystals formed on both substrates have the same composition.
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Figure 6. 17 XRD spectrum of the crystals formed on the alkali treated titanium in
comparison with those formed on the untreated titanium and CAPTAL HA
A: The crystals formed on a grit blasted titanium substrate (with alkali treatment).
B: The crystals formed on a grit blasted titanium substrate (without alkali treatment).
C: CAPTAL HA.
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a

b

Figure 6. 18 Morphology of crystal coating on alkali treated titanium (SE imaging)
a: The coating consists of microspheres.
b: (a) at a higher magnification, showing the crystal morphology. Bacteria can be seen (arrows)
occasionally.
6.7.3 Coating-substrate interface study
The coating-substrate interface was studied as described in § 6.5. As seen in Figure 6. 19, the
alkali influenced layer is still quite obvious. The morphology of this layer is exactly as that
prior to biomineralisation, indicating the stability of this layer even after sterilisation,
fermentation and mineralisation. The coating on the surface is in good contact with the alkali
treated layer. No spacing or cracks were observed at the interface.

165

Chapter 6

Figure 6. 19 Cross section through the
coating-substrate interface produced by
FIB/SEM

1
3

2
4
5

1. W coating. 2. Biomineralised HA coating.
3. The alkali treated layer. 4. Embedded
Al2O3 particles. 5. Titanium substrate.

The interface structure was studied further by TEM. It was shown in § 6.5 that the beam
damage in a commercial FIB is enough to destroy entirely the crystal structure of a specimen
around 90 nm thick. On the other hand, the sample has to be thin enough, otherwise the
electron beam will be blocked or absorbed. Thus, this specimen was thinned to approximately
150 nm in this section. To produce a TEM specimen using FIB/SEM is a difficult and
time-consuming procedure. Thus, only one sample was observed, which was chosen
randomly from the specimens.
As seen in Figure 6. 20, a STEM/EDX QuantMap shows the elemental distribution at the
coating-substrate interface of the alkali treated specimen. The contrast in Figure 6. 20c
represents the atomic % of each element. Ca and P exist mainly in the crystal coating, but they
are also found within the sodium titanate layer (indicated by the double-headed arrow),
although at lower concentration, which suggests the formation of HA. The red arrows point to
where HA filled the gaps in sodium titanate, when the maps of Ca and P are compared with
that of Ti. The embedded Al2O3 is stable, without any significant diffusion into the sodium
titanate, as seen from the Al map in Figure 6. 20c.
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Figure 6. 20 TEM/EDX map of the interface structure
a: HAADF image of the interface (sample thickness: ~150 nm).The red box is enlarged in
Figure 6. 22. The double-headed arrow in (c) indicates the sodium titanate layer.
b: The white box in (a) at higher magnification (HAADF image).
c: TEM/EDX QuantMap of (b). The yellow arrow indicates the sodium titanate layer. The
red arrows point to where HA fills gaps inside this layer. The atomic % of each element is
indicated by a different colour. The scale is displayed below each image.
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As seen in Figure 6. 21, at this thickness, the crystal structure is preserved. However, the
sample is too thick, because instead of a single layer of HA crystals, an overlap of several
crystal layers was examined and it was difficult to focus at higher magnification. In addition,
the beam damage when studied by a TEM at 200 kV is unavoidable and the crystal structure
is changed gradually.
Nevertheless, both the HA and the sodium titanate appear to be highly textured. The sodium
titanate layer is composed mainly of highly oriented ‘leaves’ perpendicular to the substrate,
with the bottom adjacent to the substrate consisting of randomly arranged nano-crystals
(Figure 6. 21b). The thickness of the sodium titanate film ranges from 500 nm to 1

m,

although this differed between on Ti and Al2O3, as compared further in Figure 6. 22. It is hard
to tell where the exact interface between the HA and sodium titanate occurs other than by
crystal size, as seen in Figure 6. 21c. The clearer interface in Figure 6. 21a compared with
Figure 6. 21c is due to the difference in contrast. Just like the sodium titanate layer, HA
changes from randomly arranged crystals to oriented ones, as seen in Figure 6. 21c, and
appears much denser than the sodium titanate crystals. The specimen is so thick (to minimise
beam damage during ion milling) that no acceptable diffraction patterns were obtained.
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Al2O3
Ti

Sodium
titanate

Figure 6. 21 HA/sodium titanate interface structure (TEM HAADF imaging)
a: HA/sodium titanate interface. b: The magenta rectangular site in (a) at
higher magnification, showing the sodium titanate layer.
c: The cyan rectangular site in (a) at higher magnification, showing the
HA/sodium titanate interface.
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Further analysis confirmed the growth of HA into the sodium titanate layer, as the gaps in this
layer are filled with HA, as indicated by both the EDX map in Figure 6. 20 and the crystal
morphology difference in Figure 6. 22a (block arrows). The amorphous appearance is more
likely to be an artefact caused by ion beam damage by FIB and TEM. It was also found that
the sodium titanate formed on Al2O3 was slightly different from that on Ti. On the former,
sodium titanate crystals quickly develop to large ‘leaves’ around 200 to 300 nm long (Layer 1
in Figure 6. 22b). On the latter, however, underneath a similar layer of textured ‘leaves’, an
extra layer composed of fine randomly arranged crystals can be observed, usually 200 nm
thick (Layer 2 in Figure 6. 22c). The boundary between Layer 1 and Layer 2 replicates that
between Layer 2 and the titanium substrate.
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Sodium
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Ti
Al2O3
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Figure 6. 22 TEM BF image of the interface structure-HA coated titanium treated with alkali
a: The red squared site in Figure 6. 20a at higher magnification. The block arrows suggest HA ingrowth into the gaps of sodium titanate.
b: The magenta rectangular site in (a) rotated by 90º - sodium titanate on Al2O3.
c: The cyan rectangular site in (a)-sodium titanate on Ti.
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6.8 The influence of solution composition on crystal size
Although most of the crystals observed in this work were nano-scale (Figure 6. 5c and Figure
6. 7a), they were able to grow to around 1 m wide (Figure 6. 5d and Figure 6. 8a). Many
factors may contribute to this phenomenon, and the influence of the composition of the
mineralisation solution was investigated in this section. The experiment was carried out once.
The measurements of crystal size and Ca/P ratio were repeated three times.
Table 6. 1 Comparison of the solution composition and crystal formation in calcium and
phosphate excess conditions and in the control solution

-GP excess
condition
Calcium
excess
condition
Control

AMPSO
/mM
(pH=8.6)

CaCl2
/mM

-GP
/mM

Serratia
/OD600

Crystal size

Ca/P ratio

50

2.5

50

0.5

30 to 50 nm
wide

1.12

0.06

50

25

5

0.5

Above 100 nm
wide

1.28

0.07

50

25

50

0.5

-------

1.26

0.10

Fresh mineralisation solutions were prepared according to Table 6. 1. Compared with the
normal mineralisation solution used above (§ 6.2 to § 6.7) which contained 25 mM CaCl2 and
50 mM β-GP, the solutions used in this section was either phosphate (β-GP) excess or calcium
excess. Serratia cells were suspended in these solutions shaken at 150 rpm at room
temperature and mineralisation was allowed for three days. It was observed that HA crystals
form normally in both phosphate and calcium excess conditions, although with different
morphologies (Figure 6. 23) and Ca/P ratio (Table 6. 1). The crystals formed in the phosphate
(β-GP) excess solution are nano-scale plates, as indicated by the arrow in Figure 6. 23b. They
are usually around 30 to 55 nm across and 3 to 4.5 nm thick. The Ca/P ratio was measured to
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be 1.12

0.06. The HA crystals formed in the calcium excess solution have curved plate-like

structures (the arrow in Figure 6. 23d). They are wider but thinner than those formed when
calcium is scarce (the arrow in Figure 6. 23b). The Ca/P ratio of these crystals is measured to
be 1.28

0.07 –higher than that in the phosphate excess condition. The crystals formed in the

control solution are displayed in Figure 6. 23e & f. The image quantity is too poor to measure
the size of the crystals. However, the Ca/P ratio was measured to be 1.26
the -GP excess crystals (1.12

0.10, higher than

0.06), and comparable to the calcium excess crystals (1.28

0.07).
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Figure 6. 23 The influence of ion strength on crystal formation (TEM BF imaging)
a: The crystals formed in phosphate excess condition (JEOL 2100, 200 kV).
b: The square in (a) at higher magnification (JEOL 2100, 200 kV).
c: The crystals formed in calcium excess condition (JEOL 2100, 200 kV).
d: The square in (c) at higher magnification (JEOL 2100, 200 kV).
e: The crystals formed in the control solution (JEOL 1200, 80 kV)..
f: The square in (e) at higher magnification (JEOL 1200, 80 kV).
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The dependence of crystal size on solution ion strength is very interesting, but it may not be
the only factor that can contribute to this phenomenon, which will be discussed further in
Chapter 9. More systematic studies are required in the future for a thorough understanding of
this aspect.
6.9 The role of Serratia in HA precipitation
The role of Serratia bacteria to liberate inorganic phosphate (HPO42-) from its organic form
( -GP) is well established [5-7]. However, their role during HA precipitation is yet not clear:
Serratia may either catalyse HA deposition, or not be involved in the precipitation. On the
other hand, the biomineralisation solution used in this work (§ 6.2 to § 6.7 and in Chapter 8)
was a phosphate-rich solution with a Ca/P ratio of 0.5, comparing to HA of 1.67 and the
nascent crystal Ca/P ratio of 1.21 which was the mineralised products in this study. To
understand the exact role of Serratia in HA precipitation and to offer evidence on the state of
the redundant phosphate, such an experiment was designed:
Planktonic Serratia cells harvested from secondary culture (§ 2.2.2) were suspended in
mineralisation solution (50 mM AMPSO, 25 mM CaCl2 and 50 mM

-GP) with OD600

adjusted to 0.5. 20 ml of such solution was shaken for 24 hours at 150 rpm before it was
centrifuged at 3000 rpm at 4 °C for 10 min. The white precipitate (HA) formed was removed
by centrifuging and the remnant solution was filtered using a 0.2 m filter to remove residual
bacteria or crystals in the solution. This solution was autoclaved to demolish bacterial activity.
(Sp. Act value of this autoclaved solution was measured to be 0.) 1 ml of 25 mM CaCl2 was
then added to this solution. With the addition of CaCl2, precipitation formed immediately; the
precipitates were harvested by centrifugation for SEM/TEM analysis. A control solution was
prepared by adding 1 ml of 25 mM CaCl2 to the same volume of mineralisation solution
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(without previously added bacteria). No deposits were observed in the control solution.
In the autoclaved solution, with the addition of fresh CaCl2, deposits formed immediately,
whilst the control solution remained clean. The deposits consisted of nano-scale crystals as
can be observed by both TEM (Figure 6. 24a & b) and SEM (Figure 6. 24c & d). They are
around 50 nm wide and 100 to 200 nm long. The Ca/P ratio of these crystals is extremely low,
0.16 ±0.01 (TEM/EDX), and Na is incorporated into the structure, as shown in Figure 6. 25.
The polycrystalline diffraction pattern indicates (0002) and (101 2) planes of HA (the inset
diffraction ring pattern in Figure 6. 24a). These crystals are extremely beam sensitive, fusing
immediately when observed by 100 keV electrons and forming morphologies shown in Figure
6. 24b. They were further characterised by JEOL 7000 SEM with an accelerating voltage of
20 kV, as shown in Figure 6. 24c (BF mode) and Figure 6. 24 (STEM mode). Each cluster
appears to be composed of several crystals, but the magnification is too small for a precise
morphological description of an individual crystal.
These results suggest that the once the inorganic phosphate is released by the bacteria,
precipitation of the crystals, which are very likely to be HA, is not bacteria-associated.
Hydrolysis of β-GP in the hot solution was precluded since no precipitates was observed in
the control. However, this experiment was only carried out once. Further work will be
necessary.
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Figure 6. 24 Morphology of the precipitates formed in the filtered solution with the addition
of fresh CaCl2
a: TEM BF imaging. The inset picture is the SAD pattern. (TEM, 200 kV)
b: The morphology of the beam sensitive crystals at higher magnification (TEM BF imaging,
80 kV).
c: Crystal morphology (JEOL 7000 SEM, BF mode, 20 kV).
d: Crystal morphology (JEOL 7000 SEM, STEM mode, 20 kV).
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Figure 6. 25 A typical TEM/EDX spectrum of the precipitates in Figure 6. 24 (200 kV)
6.10 Summary
Grit blasting results in a roughened surface with embedded Al2O3 particles. The grit blasted
surface is severely deformed and consists of a nano-crystalline layer underneath which is a
layer deformed via twinning. An alkali treatment produces a surface sodium titanate layer
around 1 m thick, which consists of leaf-like plates standing vertically on the substrate.
Biomineralisation via Serratia successfully coats the titanium discs with crystals. Crystals are
characterised to be calcium deficient HA containing Na and Cl. Although cracks can be found
throughout the coating, an intact attachment of the deposited HA layer to the Ti substrate is
achieved. Titanium and the embedded alumina do not affect the precipitation of HA. The
alkali treatment does not have any noticeable influence on crystal formation. HA was
observed to grow within sodium titanate.
The coating formed via this biomineralisation method is extremely porous, consisting of
micro-scale crystal spheres which are in turn built up of nano-scale curved plate-like crystals.
The crystal size of these plates is not constant, but tends to be larger at the bottom of the
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coating or inside the porous titanium structure and smaller on the surface.
Both the crystal size and the Ca/P ratio of the nascent HA appear to be related to the ion
concentration of the mineralisation solution, forming smaller but thicker curved plates (also
possibly plates) with lower Ca/P ratio when Ca2+ is scarce (2.5 mM) but larger and thinner
curved plates with higher Ca/P ratio when phosphate is rare (5 mM).
Although bacteria Serratia are closely involved in the liberation of -GP to provide inorganic
HPO42- which is used in the precipitation of HA, the latter reaction may be independent of
bacteria.
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Chapter 7 Heat treatment of the HA coated titanium discs
With the aim to destroy the biomass and to sinter the crystals, heat treatment was applied to
the Serratia HA coated titanium discs. Its effect on the coating, substrate and the
coating/substrate interface was investigated in this chapter. The specimens were heated at 550
ºC for 3 hours to destroy all the organic components [1] and at 800 ºC to sinter the crystal
coating. For heat treatment route 1, the specimens were held at 800 ºC for 5 hours and 10
hours for heat treatment route 2.
7.1 The influence of heat treatment on the HA coating
7.1.1 XRD analysis
XRD analysis shows that after heat treatment at 550 °C for 3 hours and 800 °C for 5 hours,
HA changes to sodium calcium phosphate (Ca10Na(PO4)7) (PDF reference code:
00-045-0339). According to the lattice parameter, its crystallographic structure is very similar
to that of -TCP (Ca3(PO4)2, PDF reference code: 00-009-0169), as compared with -TCP
and HA (Ca10(PO4)6(OH)2, PDF reference code: 00-024-0033) in Table 7. 1.
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Figure 7. 1 XRD pattern of the heat treated crystals
Table 7. 1 Crystallographic parameters of the heat treated and sintered crystals

Compound
Ca10Na(PO4)7
-TCP
Stoichiometric
HA

Space
group

o

R3c
R3c

a
10.4402
10.4290

Lattice parameter ( A)
b
c
α
10.4402 37.3034
90
10.4290
37.38
90

90
90

120
120

P63/m

9.4320

9.4320

90

120

6.8810

90

7.1.2 The influence of heat treatment on the coating structure

The coating structure remains intact after the heat treatment (Figure 7. 2a). The crystal clusters
are preserved (Figure 7. 2a & e). As in the un-sintered specimens, the coating is still composed
of micro-spheres varying in sizes (Figure 7. 2b, d & f), covered by crystal shells (Figure 7. 2d &
f). Holes (indicated by the arrows in Figure 7. 2b and Figure 7. 2f) and bacteria-shaped crystals
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(Figure 7. 2c) can be found within the coating. After sintering, no apparent difference could be
observed between crystal adjacent to titanium (Figure 7. 2g) and those in the bulk (Figure 7. 2f),
although the crystal shells found in Figure 7. 2f could be rarely seen in Figure 7. 2g.
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CaP

Figure 7. 2 The crystal coating after heat
treatment (route 1)
a: The overall morphology of the coating (SE
imaging, plan view).
b: The coating consists of micro-spheres. The
CaP
arrows indicate holes within the coating
structure (SE imaging, plan view).
c: Bacteria-shaped crystals (SE imaging, plan
view).
d: Crystal clusters covered by crystal shell
Ti
(arrows) (SE imaging, plan view).
e: The crystal clusters are preserved after the heat treatment (BSE imaging, cross section).
f: The squared site in (e) at higher magnification: crystal spheres covered by crystal shells
(arrows) (BSE imaging, cross section).
g: The sintered crystal coating adjacent to titanium surface.
g
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7.1.3 The influence of heat treatment on the coating crystals
Two morphologies are found within the sintered crystals: nano-particles and crystal plates, as
illustrated in Figure 7. 3. While the nano-particles are dominant (Figure 7. 3a), crystal plates
are quite rare (Figure 7. 3b). These are if present usually found underneath the surface crystals.
The crystal size of both the nano-particles and the plates varies considerably, from several
tens of nanometres to approximately 1 µm. Increasing the holding time at 800 ºC from 5 hours
to 10 hours did not noticeably increase the crystal size, as compared in Figure 7. 3, possibly
due to the wide distribution of crystal size before the heat treatment.
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Figure 7. 3 The morphology of the sintered crystals (SE imaging)
a: Nano-particle structure (route 1).
b: Plate- and calcium phosphate-fossilised bacteria (arrow) (route 1).
c: Nano-particle structure (route 2).
d: Curly plate-shaped crystal (route 2).
The sintered crystals were further characterised by TEM. Compared with the nascent crystals,
they are more stable when examined by high energy electron beam (200 keV). They are
irregular in shape and from approximately several tens of nanometres to around 200 nm in
size, as shown in Figure 7. 4. TEM/EDX analysis suggests a Ca/P ratio of 1.16 ± 0.05. The
foreign elements such as Na and Cl that were detected in the nascent crystals were preserved
after the heat treatment (Figure 7. 5). The Cu shown in the spectrum is from the copper grids
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to support the TEM specimen. SAD patterns of the single crystals are consistent with
Ca10Na(PO4)7, as shown by the inset patterns in Figure 7. 4.

b

d

Figure 7. 4 TEM analysis of the sintered crystals (route 1)
a: The morphology of the heat treated crystals (TEM BF imaging, 200 kV).
b: Irregularly-shaped nano-scale crystals at higher magnification (TEM BF imaging, 200 kV)
and SAD patterns: (c) & (d). (c): zone axis = [2110] ; (d): zone axis = [2 4 2 3]
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Figure 7. 5 A TEM/EDX spectrum of the heat treated crystals (route 1)

7.2 The influence of heat treatment on coating-Ti interface structure
It is important to study the interface structure of the heat treated specimens because of the
potential existence of a complicated transition zone caused by elemental diffusion during
heating. Both the substrate and the coating in this region may be affected, showing different
features when compared with the bulk structure.

7.2.1 The interface between the sintered coating and the grit blasted titanium substrate
The crystal coating was gently scratched off to reveal the surface of the metal substrate. It is
rather rough (Figure 7. 6a), consisting of superfine grains (Figure 7. 6b) with morphologies
noticeably different from that of the sintered crystals (Figure 7. 3 and the area within the
dotted curve in Figure 7. 6). Compared to the original grit-blasted specimen (Figure 6.1c), the
cross section of the sintered sample is very different: the surface layer is porous with holes
ranging from a few hundreds of nanometres to around 2 µm, suggesting the existence of a
transition layer.
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Figure 7. 6 The interface morphology between the sintered coating and the grit blasted
titanium substrate (route 1)
a: The overall morphology of the interface (SE imaging, plan view).
b: The interface of the metal substrate consists of nano-scale crystals

(SE imaging, plan

view). The area circled by the dotted curve is sintered calcium phosphate.
c: BSE imaging of the cross section.
d: The interface has a porous structure (the box in (c), BSE imaging).
The transition layer is confirmed by SEM/EDX elemental maps to be mainly P-rich titanium
of around 2 to 3 m thick, as shown in Figure 7. 7. Note the P-deficient layer (Layer 2)
displayed in the P distribution map, suggesting that the P in the P-rich Ti (Layer 3) may
mainly diffuse from this P-deficient zone.
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Figure 7. 7 Cross section SEM/EDX elemental maps of the sintered specimen
Layer 1: The sintered calcium phosphate coating. Layer 2: The P-deficient calcium phosphate
coating. Layer 3: the P-rich Ti layer. Layer 4: the Ti substrate.

The coating-substrate interface was studied further by TEM. The specimen was prepared by
FIB/SEM. Although the crystal structure was preserved after ion thinning, ‘curtaining’ was
severe, producing stripes across the entire specimen as shown in Figure 7. 8a. This might be
caused by the high porosity of the coating after sintering. After milling, due to the density
difference, when the coating was almost ‘transparent’ to the electrons, the titanium substrate
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was still thick. Nevertheless, it can be observed in Figure 7. 8a & b that the transition layer at
the interface is around 1 to 2 m thick indicated by the double-headed arrow, judging by the
morphology changes, and is mainly composed of small particles around 50 nm across (Figure
7. 8c).

a a

b
CaP

CaP

Interface region

Ti

Ti

c

Ti

Figure 7. 8 Coating-substrate interface structure (heat treatment: route 1. TEM BF imaging)
a: Curtaining effect due to ion beam milling during sample preparation. The double headed
arrow shows the boundaries of the transition layer.
b: The box in (a) showing the transition from the coating to the substrate, with the double
headed arrow indicating the interface zone.
c: The interface structure is composed of nano-scale crystals (the box in (b)).
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STEM/EDX analysis (Figure 7. 9) showed severe contamination over the entire specimen,
especially by Ti, which is detected in areas which should be composed of calcium phosphate
alone. This is possibly caused by redeposition during ion milling. The holes within the coating
only make it even more difficult to produce a satisfying specimen because of a severe
curtaining effect. Unlike the continuous P-rich layer observed using SEM shown in Figure 7.
7, this layer was shown to be discontinuous when studied at higher magnification by TEM,
corresponding to the porous structure at the interface. The transition layer was found to be
mainly composed of regions of Ti and P-rich Ti, as demonstrated in Figure 7. 9b. The EDX
linescan suggests that P can diffuse beyond the Al-rich Ti, possibly through the gaps and
cracks at the titanium surface produced during grit blasting. In summary, sintering resulted in
an interface region consisting of nano-scale Ti, CaP, Al-rich Ti and P-rich Ti.
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Oxygen Kα1, Titanium Kα1, Calcium Kα1,
Phosphorus Kα1, Aluminium Kα1

Al-rich Ti
P-rich Ti

Figure 7. 9 STEM/EDX analysis of the
interface after heat treatment (route 1)

b

(b) is the element maps in the box in (a).
(c) is a linescan along the red arrow in (a).
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P
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7.2.2 The interface between the sintered coating and the alkaline treated grit blasted
titanium
In samples that were pre-treated with NaOH, after the heat treatment a similar transition layer
is observed at the interface. It is also composed of nano-grains (Figure 7. 10b), but these are
thicker (around 5 m) and more porous (Figure 7. 10a, b & d) than those without the alkali
treatment (Figure 7. 6). The pores increase in size as they get nearer to the solid substrate
(Figure 7. 10d), forming gaps as long as 20 m, as indicated by the arrows in Figure 7. 10c.
Neither the sodium titanate layer nor the embedded Al2O3 particles are visible after the heat
treatment.
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a
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c

d

-TCP

Ti

Figure 7. 10

The interface between the sintered coating and the alkaline treated grit blasted
titanium (route 1)

a: The interface is porous (SE imaging, plan view).
b: The transition layer is composed of nano-grains (SE imaging, plan view)
c: BSE imaging of the cross section.
d: The porous interface at higher magnification (BSE imaging of the box in (c)).
Similar to Figure 7. 9, the interface here is also a complicated structure composed of Ti,
Al-rich Ti and P-rich Ti (1, 2, 3 in Figure 7. 11, respectively). Note that P can diffuse beyond
the Al-rich Ti layer, resulting in localised P-rich titanium, as indicated by the red arrows in
Figure 7. 11.
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Figure 7. 11 Cross section SEM/EDX elemental maps of the sintered specimen (alkali-treated)
(1: Ti. 2: Al-rich Ti. 3: P-rich Ti. The red arrows indicate the phosphorus rich region beneath
the Al-rich Ti layer. )

7.3 The influence of heat treatment on the titanium substrate
Heat treatment leads to significant crystal growth in the substrate, as illustrated in Figure 7. 12:
20-70 m in the un-treated specimen, 100-300 m when the specimen is heated to 800 ºC and
held for 5 hours (heat treatment route 1), and almost 500 m if the time is increased to 10
hours (heat treatment route 2).
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a

b

c

Figure 7. 12 The influence of heat treatment on substrate crystal size (BSE imaging)
a: The grain size of the un-treated titanium substrate.
b: The grain size of the titanium substrate after heat treatment route 1.
c: The grain size of the titanium substrate after heat treatment route 2.
(Note that (a), (b) and (c) are at different magnifications, 500, 100, 43, respectively.)

7.4 Summary
After the heat treatment, HA decomposes to mainly Ca10Na(PO4)7, a structure closely
resembling β-tricalcium phosphate, as confirmed by both XRD and TEM. The crystal coating
structure is not altered much, although most of the nano-plate-shaped crystals change to
irregular nano-particles. No noticeable crystal size change can be observed when the heat
treatment duration at 800 ºC was increased from 5 hours to 10 hours, although the crystal size
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of the titanium substrate is significantly increased.
An interface composed of Ti, P-rich Ti and Al-rich Ti can be observed between the calcium
phosphate coating and the titanium substrate and is attributed to diffusion of P and Al during
heat treatment. Instead of being solid, this layer is porous, consisting of nano-scale crystals.
This phenomenon is more profound if the substrate is pre-treated with alkali, yielding an
interface that is both thicker and more porous.

Reference
1. Thackray AC. Bacterial biosynthesis of a bone substitute material. PhD Thesis. University of Birmingham;
2005.
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Chapter 8 Biomineralisation of HA on titanium webs
8.1 Biomineralisation of a thick HA coating on the titanium web
Because of the motility of bacteria in an aqueous environment, biofilm can form on the walls
inside a porous structure, such as observed in § 4.2. This phenomena inspired a non
line-of-sight method to coat porous scaffolds with hydroxyapatite through Serratia
biomineralisation [1]. This was used by Thackray et al. (2004) to coat a polyurethane foam in
order to produce a porous calcium phosphate bone-substitute material [2]. On the other hand,
porous titanium grafts and titanium with porous surfaces are increasingly popular as
orthopedic and dental implants [3]. Compared with solid grafts, protein absorption, cell
adhesion and bone ingrowth can be significantly promoted on a porous surface [4, 5]. So far,
the most successful methods to apply HA coatings on porous titanium structures include the
simulated body fluid (SBF) biomimetic method and electrochemical deposition [6]. In this
section, the possibility to apply HA coatings on porous Ti using bacterial biomineralisation
was tested. The experiments in this part were repeated twice, with three samples in each
experiment.
8.1.1 Coating structure
In this section, Serratia biofilm was pregrown on the Ti web in an air-lift fermenter as
described in § 2.2.2. After fermentation, the webs were transferred into a bioreactor and
biomineralisation was allowed for 10 days in total, as described in § 2.3.2.
After mineralisation, the entire titanium web was covered by a porous coating, as seen in
Figure 8. 1a. The coating consisted of microspheres (Figure 8. 1b). The surface crystals were
scratched off to reveal the inner structure (Figure 8. 1c). This also consisted of crystal spheres
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(Figure 8. 1d), but they were slightly larger (20-30 m) than those outside (around 10 m
diameter).

a

b

c

d

Figure 8. 1 Biomineralisation of thick HA on porous titanium webs (SE imaging)
a: The overall morphology of the HA coated Ti web.
b: The coating is composed of micro-spheres.
c: The morphology of the crystal coating inside the structure. (The matrix was pressed gently
to get rid of the outer crystals.) The linear structures are the crystal coated Ti wires.
d: The crystals inside also form microspheres. Note that they are much larger than the ones on
the surface of the webs (b).
Micro X-Ray CT was used to analyse the distribution of the crystals within the system and to
reconstruct the coating. The entire metal system is very well coated, as shown in Figure 8. 2a.
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The magenta part represents HA while the blue fibres are the titanium hidden inside. The
coating is considerably porous, consisting of crystal clumps (Figure 8. 2c). HA has also
formed within the structure and the crystals fill almost all the gaps within the porous matrix
(Figure 8. 2b & d) so that the porosity of the system is significantly reduced, when comparing
Figure 8. 2 with Figure 4. 12.

a

C
D
B
A

z

D
’

C
’

y
B
’

A
’

1mm

x

Figure 8. 2 3D reconstruction of the HA (magenta) coated porous titanium web (blue) using
micro X-ray CT
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d

Figure 8. 2 3D reconstruction of the HA (magenta) coated porous
titanium web (blue) -continued
b: The cube in (a)- AA’BB’
c: The cube in (a)-CC’DD’.
d: The cube in (a)-BB’CC’.
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8.1.2 Crystal morphology

The crystal morphology found within the HA/Ti web system was similar to that on the HA
coated Ti disc: HA with different crystal sizes. While the crystals formed on the very surface
of the structure were extremely small (Figure 8. 3a & b), those underneath this layer were
much larger and often in the shape of curved plates, as seen in Figure 8. 3c & d.

a

c

b

d

Figure 8. 3 Morphology of the HA crystals formed on a titanium web (SE imaging)
a: Extremely fine crystals, mainly found at the outside of the HA/Ti web system. .
b: The squared site in (a) at higher magnification.
c: Curved plate-like crystals, mainly found inside.
d: The squared site in (c) at higher magnification.
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8.1.3 The sintered HA coating
The nascent HA coated Ti webs were sintered following heat treatment route 1 in § 2.3.4. The
argon protected furnace was ramped to 550 ºC at 5 ºC/min and held for 3 hours before it was
heated to 800 ºC and held for another 5 hours.
The morphology of the sintered Ti web is shown in Figure 8. 4. Although there was
significant crystal loss when compared with the nascent structure before sintering (Figure 8.
1a), the remaining crystal coating was still thick enough to cover each Ti wire (Figure 8. 4a).
The coating was porous, with cracks frequently observed, as shown in Figure 8. 4b.

a

b

Figure 8. 4 The sintered thick HA coated Ti web
a: The overall morphology of the HA coated Ti web after sintering.
b: Cracks were observed throughout the remaining coating.
8.2 Biomineralisation of a thin HA coating on the titanium web
As shown in § 8.1, when the Serratia biofilm was prepared in the fermenter, a thick HA
coating was achieved on the porous Ti web. For a thinner crystal coating, a thinner biofilm is
necessary. Therefore, instead of incubating the Ti web in the air-lift fermenter, it was
suspended in secondary Serratia culture diluted with minimal medium (20 ml bacterial
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culture in 180 ml minimal medium) in a flask. The flask was incubated in a shaking incubator
(150 rpm) at 30°C for 72 hours. The Ti web was then transferred into the bioreactor for
biomineralisation as described in § 2.3.2. The experiment in this section was carried out only
once, with two samples investigated.
8.2.1 Serratia biofilm
The biofilm formed on the Ti web in this manner is shown in Figure 8. 5. It was much thinner
than that formed in the air-lift fermenter (Figure 4. 13), especially than the biofilm at the
periphery of the Ti web (Figure 4. 13c & d). The individual Serratia cells were shorter as well
when comparing Figure 8. 5b and Figure 4. 13f. Nevertheless, bacteria were still able to form
bacterial bridges across different Ti fibers. This bridge was a loose connection of bacterial
cells and residual polymer threads, as shown in Figure 8. 5c &d.
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Figure 8. 5 3-day old Serratia biofilm formed on Ti web in a flask
a: The overall morphology. Biofilm is thinner than the 5-day old Serratia biofilm formed on
Ti web in an air-lift fermenter (Figure 4. 13)
b: The arrowed site in (a) showing the formation of a mono-bacterial layer on the surface of
the Ti fibre.
c: The rectangular in (a) at higher magnification showing the formation of a ‘bacterial bridge’
across two far separated Ti wires (approximately 100 m).
d: The rectangle in (c) at higher magnification showing the bacterial bridge which is a
network of Serratia cells extracellular polymer material.
8.2.2 The nascent HA coating
This thin layer of Serratia biofilm was adequate to produce a thinner HA coating, as shown in
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Figure 8. 6. The individual Ti wires with HA coating were clearly seen without the crystal
shell observed in Figure 8. 1a. However, the crystal coating was not even, with thickness
ranging from 10 to 20 m (Figure 8. 6b) to approximately 1 m (Figure 8. 6c). Cracks were
common features, as indicated by the arrows in Figure 8. 6b & c. The HA crystals were
similar as those in Figure 8. 3c, mainly being curved plates (Figure 8. 6d).
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Figure 8. 6 Biomineralisation of thin HA coating on a porous titanium web with 3-day old
Serratia biofilm pregrown in a flask
a: The overall morphology of the HA coated Ti web.
b: The arrowed site in (a) at high magnification showing a thicker coating of approximately
10 m. The coating is composed of micro-spheres. The arrow points to a crack within the
coating.
c: The rectangle in (a) at high magnification showing the morphology of a thinner coating.
d: The morphology of the curved plate-shaped HA crystals within the coating. The arrow
points to a Serratia bacterium.
8.2.3 The sintered HA coating
This HA coated porous titanium web was sintered following heat treatment route 1 described
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in § 2.3.4, and the morphology of the sintered web was displayed in Figure 8. 7. The coating
was preserved well after the heat treatment. This was confirmed further by an EDX elemental
map of the cross section of the specimen (Figure 8. 8), which demonstrated the existence of a
thin calcium phosphate layer surrounding the titanium wires. Cracks were commonly
observed. However, they may not form entirely during sintering, as they were also seen on the
unsintered sample as shown in Figure 8. 6d.

b

a

Figure 8. 7 The morphology of the thin HA coated Ti web after sintering
a: The overall morphology of the sintering Ti web.
b: The rectangular site in (a) at higher magnification showing that the coating was preserved
after the heat treatment.
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Figure 8. 8 SEM/EDX elemental map of the sintered HA coated Ti web: cross section
8.3 Summary
Biomineralisation via Serratia was successfully applied to form HA coatings with various
thicknesses on a porous titanium web. The coating consisted of micro-scale spheres which
were composed of nano-crystals.
When the biofilm was prepared in an fermenter following the method described in previous
studies [1], a thick HA coating was achieved. Using Micro X-ray CT, it was observed that due
to this thick layer of crystal, the porosity of the structure was significantly decreased. The
coating was thicker at the periphery of the supporting structure, forming a crystal shell
covering the entire scaffold. This crystal shell was destroyed when it was sintered at 800 oC
for 5 hours. However, a thinner crystal coating was preserved around the Ti wires. This
remaining crystal coating was not smooth, but were rather course and with the existence of
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cracks.
The 3-day old Serratia biofilm on the Ti web prepared in a flask was much thinner than that
formed in the fermenter (5-day old). Only a monolayer of bacteria was observed on the Ti
surface. Bacterial bridges were also present, which were a loose network of bacterial cells and
residual polymer threads.
The crystal coating formed on the Ti web with a 3-day old biofilm pregrown in a flask was
much thinner than that with a 5-day old biofilm prepared in the fermenter. The coating was
not even, with a thickness ranging from 1 m to approximately 20

m. This coating was

preserved well after sintering, although cracks were quite common.
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Chapter 9 Discussion - biomineralisation on titanium
Bacterial biomineralisation has been widely investigated for applications such as waste
recycling [1], energy fuels [2] and various powder productions [3]. In this study, its ability as
a coating method studied is described systematically in Chapter 6 to Chapter 8 and the results
are discussed in this chapter.
9.1 Biosynthesis of crystalline HA
The biomineralisation of HA via Serratia bacteria is a process that still merits extensive
investigation. Some of the aspects are discussed in this section. The properties of the
biosynthesised HA are discussed, with respects to their morphology, chemical composition
and crystal structure. Potential factors such as solution ion concentration that could influence
the crystal development during biomineralisation was also investigated. The role of Serratia
cells in HA precipitation was discussed, and three possible nucleation sites were offered.
9.1.1 The nascent crystals prior to sintering
Chemical composition
Combining the results of XRD and TEM, it can be concluded that the crystals formed by
Serratia bacteria on titanium are indeed HA, consistent with previous studies [4-7]. They are,
however, imperfect, being calcium deficient and usually contain Na+ and Cl-, which are
picked up from the mineralisation solution: Na+ from the AMPSO buffer (sodium salt) or
β-GP (sodium salt) and Cl- from CaCl2. This demonstrates the ability of this method to
incorporate certain elements within the crystal structure. Parallel studies by other researchers
have demonstrated the ability to replace Ca2+ with Mg2+ or Sr2+ to form substituted HA or a
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combination of the three (Sammons et al., unpublished data). The formation of Mg/Sr
substituted apatite could be advantageous as Mg can promote bone formation [8] and Sr is
used in the treatment of osteoporosis and enhancement of bone remineralisation [9].
If the bacterial HA is considered as a potential bone graft substitute material, the fact that it is
calcium deficient could be advantageous. Calcium deficient HA was observed to attract more
osteoclasts than stoichiometric HA and histological analysis showed that larger osteoblast
surface and higher bone volume formed on the calcium-deficient HA surface after
implantation [10]. The Ca/P ratio of the nascent crystals is lower than suggested by Ledo et al.
in 2008 [5], who measured a Ca/P ratio of 1.62

0.04 by TEM (after 14 days’ mineralisation).

In this study, this value was found to be 1.57

0.14 by SEM/EDX, but only 1.27 ± 0.11 by

TEM/EDX (after 9 days’ mineralisation). As the measurement by SEM/EDX was carried out
directly on the crystal coating that is rough and porous, the SEM/EDX measurements are less
reliable. The difference between the Ca/P ratios of these two studies may be due to the
different challenge time used, as the Ca/P ratio of the crystals slightly increased from day 1 to
day 9 (Figure 6. 14), which suggests a gradual maturation of the HA during the mineralisation.
This is not unusual since the Ca/P ratio of the deposited HA formed on alkali treated titanium
increased from 1.40 (immersed in SBF for 36 hours) to 1.65 (immersed in SBF for 72 hours)
[11]. The Ca/P ratio of newly mineralised tissue surrounding an HA coated Ti 64 rod
implanted into a canine trabecular bone was 1.2 after an implantation time of 7 days, but
increased to 1.7 after 14 days [12].
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Crystal morphology
The morphology of synthetic HA varied a lot according to the production procedure, ranging
from nano-flakes (Figure 9. 1b) [13], to small rods (Figure 9. 1c) [14] and crystal plates
(Figure 9. 1d) [15]. Serratia HA is different from these examples. According to a previous
study, the crystals formed by Serratia were described as needle-shaped [16]. In this work,
higher resolution microscopy revealed plate-shaped structures of various sizes, usually
nano-scale (Figures 6.5 and 6. 7). They appear to be needle-like at lower magnification
(Figure 6.21a). The formation of nano-scale crystal is due to the reaction environment which
was described as ‘a confined reaction space bounded by the protective groups of the EPM
polymers’ which prevents the agglomeration of nano-particles [6].
As a summary, Serratia HA is calcium-deficient hydroxyapatite in the morphology of
nano-scale curved plates. Foreign elements present in the solution can easily enter the crystal
lattice during the mineralisation process.
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Figure 9. 1 Several examples of the morphology of the HA produced by different methods
a: Needle-shaped HA formed by the hydrothermal method (adapted from [17]).
b: Biomimetic HA formed on Ti-15Mo-5Zr-3Al alloy in SBF (adapted from [13]).
c: Rod-shaped HA formed by wet precipitation (adapted from [14]).
d: Biomimetic HA formed on acid etched titanium in a supersaturated solution (adapted from
[15]).
9.1.2 The influence of ion concentration on HA crystal formation
It is difficult to study the influence of solution ion concentration on crystal size directly from
the HA coated samples due to the complicated situation during mineralisation in the
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bioreactor, which is explained as follows. To produce HA via Serratia biofilm, Ca2+ ions and
-GP molecules have to be able to diffuse into the biofilm structure to reach the bacteria. It
has been demonstrated that both the cleavage of -GP and the diffusion of metal ions are
time-dependent and closely related to the ion concentration, solution pH and medium flow
rate. After 57.1 hours, only 1.65 mM inorganic phosphate could be released by Serratia when
the starting concentration of

-GP was 5 mM (pH=6.0, flow rate =11 ml/h) [18]. It took

approximately 6.3 hours for Co2+ ions (4 mM solution at a speed of 12 ml/h) to complete the
penetration of a Serratia-loaded foam (21 mm × 20 mm), but only half an hour if the starting
concentration were increased to 10 mM and the flow rate controlled at 60 ml/h [19]. Thus, it
is very possible that the ion concentration at different locations of the biofilm is different, due
to its uneven thickness (bacterial clumps in Chapter 4) and porous structure [20]. Moreover,
the biofilm-coated samples were arranged in the bioreactor in a vertical stack - as shown in
Figure 2. 3. Fresh medium (mineralisation solution) was pumped through the bottom inlet and
flowed up the column until it reached the outlet at the top. This arrangement itself may lead to
an uneven distribution of ions, as samples at the bottom contact the fresh medium first while
those further up only have access to the depleted solution that has passed through or by the
lower samples. A previous study demonstrated that mineralisation happens faster on samples
closer to the medium inlet [16].
For these reasons, parallel experiments (§ 6.8) were carried out to create artificial
environments to mimic the calcium/phosphate excess conditions. It was found that both the
chemical composition (Ca/P ratio) and the crystal size of the biosynthesised HA were closely
associated with ion concentration, with the formation of smaller but thicker plates with lower
Ca/P ratio when Ca2+ was scarce but larger and thinner curved plates with a higher Ca/P ratio
when the β-GP (phosphate source) was scarce (Table 6. 1 and Figure 6. 23). However, this
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experiment was carried out only once. Thus, further work will be necessary.
There are reports that the morphology of HA precipitated from an aqueous environment is
sensitive to ions such as Cl-, CO32- , and to Tris and amino acids [21], alginate [22], proteins
[23], and some other organic components such as monosaccharides [24]. Their reactions with
the calcium ions at the surface of the HA precursor are important in determining the
morphology of the ultimate crystal, as selective bonding of certain molecules to the primitive
HA crystal can lead to preferential crystal growth in certain directions to form either plates or
needles [21-24]. For example, Cl- can promote a plate-like morphology of HA in a
supersaturated solution [24], while small flake-like HA precipitates from calcium-rich
simulated body fluid and a short rod-like structure is produced when more HPO42- is present
[25].
In this study, although HA crystals formed under both calcium excess and phosphate (β-GP)
excess conditions are plate-like, the sizes and thicknesses of the curved plates are different.
This may be caused by the low Ca2+ or Cl- content in the phosphate excess solution which
leads to an inhibition of the plate growth along certain directions and, thus, growth along the
other direction is enhanced, resulting in thicker but smaller plates. The effect of Cl - in
promoting HA plate growth is attributed to its ability to incorporate into the surface at certain
defect sites [25]. However, the difference of the crystal morphology in this study is not as
distinct as observed by Li et al. (1993) of HA precipitated from solutions containing Ca2+ and
HPO42- [25].
What is worth noting is that β-GP-rich may not be HPO42- -rich. HA cannot form directly from
Ca2+ and β-GP. The organic phosphate has to be cleaved to release the inorganic HPO42- first.
The acid phosphatase enzyme involved in this process is not dysfunctioned by the
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end-product, but rather can act as a phosphotransferase [26]. Nott et al. (2005) showed that
the release of inorganic phosphate by Serratia was not instant but gradually increased until
stabilising after a certain period of time [18]. They also observed that flow rate could affect
the release rate: after challenging with 5 mM glycerol phosphate (pH=6.0) for 57.1 hours, the
concentration of the inorganic phosphate in the outflow was 1.65 mM when the flow rate was
controlled at 11 ml/h, but 0.69 mM at 128 ml/h [18]. It is a rather slow reaction when
compared to the instant precipitation of HA (§ 6.9) and may be the rate controlling step during
the production of Serratia HA.
9.1.3 Other potential influences of HA crystal formation
During one of the experiments, air failure occurred several times in fermentation, and the
crystal morphologies in this situation are quite different, as shown in Figure 9. 2. They are
mainly in the form of thick plates, but also in other shapes. It is possible that the reduced air
and disturbance of the medium supply during fermentation might affect not only the biofilm
structure, but also the individual bacterial activity, resulting indirectly in an abnormal
condition during the following mineralisation where not only the ion concentration and the
solution pH are affected, but also the production of certain crystal growth regulators or
templates.
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Figure 9. 2 Several examples of the abnormal crystal morphologies (SE imaging)
a: Transformation from nano-particles (b) to well developed plates (c) (on a Ti disc).
b: The square in (a) at higher magnification.
c: Well developed plate-shaped crystals.
d: The square in (c) at higher magnification demonstrating polygonal crystal plates.
e: Plate-shaped crystals in the form of flowers (on a Ti web).
f: A composite structure of plates and nano-particles (on a Ti web).

217

Chapter 9

The role of solution pH to affect HA crystal size has been well accepted [25, 27, 28], and it is
known that during the Serratia catalysed release of inorganic phosphate, the pH of the
solution is not stable but varies at different stages and for different flow rates [18]. HA
morphology is also closely associated with crystal growth templates, both in vivo and in vitro.
It is well known that HA growth in vivo can be regulated by proteins such as matrix Gla
protein [29, 30]. The morphology of HA precipitated from SBF was observed to differ
significantly with and without the presence of poly(amidoamine) dendrimer which is
considered as a template or crystal modifier [31]. Ferrous hydroxide crystals, mineralised by
Magnetospirillum magneticum AMB-1, showed a huge difference in both crystal morphology
and size with and without the presence of the acidic protein, Mms6 [32]. HA precipitation
from HEPES-buffered mineralisation solutions was delayed by the presence of unbound
lipoteichioc acid isolated from Lactobacillus casei and Streptococcus sanguinis [33, 34]. All
these effects are attributed to the ability of the proteins or other components to bind to the
metal ions during mineralisation. However, whether there is a similar compound in Serratia
that leads to the significant difference of the crystal morphologies in Figure 9. 2 is yet
unknown and merits further investigation, as it is not only helpful to better understand
bacterial

biomineralisation,

but

may

also

make

the

production

of

HA

with

controlled-morphology possible.
9.1.4 The role of Serratia in HA precipitation
The precipitation formed in the autoclaved solution in § 6.9 with the addition of fresh CaCl 2
was possibly a primitive form of HA. This observation suggests that with the presence of Ca2+
and bacteria freed HPO42-, HA can form without the assistance of bacteria and enzyme. Thus,
it can be deduced that the enzyme only functions to release HPO42-, but may not be necessary
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for any further reactions, which is in good agreement with Yong et al. [7]. Similar results were
also reported by Hirschler et al., who found that during the precipitation of CaCO3 by E. coli,
the alkaline phosphatase was only involved in the release of inorganic phosphate into the
medium but not in the subsequent precipitation [35].
The precipitates in § 6.9 may be very similar to the apatite nucleus formed during the
biomineralisation of HA. Diffraction rings corresponding to HA (Figure 6.24a) suggest that
these crystals might be a primitive form of HA. These crystals are nano-scale with regular
dimensions (Figure 6. 24). The starting Ca/P ratio is unexpectedly low, approximately 0.16,
comparing to 1.27 ± 0.11 of the samples after 10 days’ mineralisation. If the above
assumption is true, it can be deduced that maturation of the crystals occurs after nucleation
with further incorporation of Ca2+ into the structure. However, the present techniques in this
study are insufficient to define the phase and further analysis is necessary. Due to the
sensitivity of the crystals to high energy electrons, cryo-techniques will be essential for any
further microscopic analysis.
The precipitation in the autoclaved solution after the addition of fresh Ca2+ suggested the
existence of HPO42- in the solution, which indicates that the cleavage of

-GP maybe

independent of the precipitation reaction. Otherwise, the excess phosphate would stay in their
organic form, and thus no precipitation should occur, like in the control solution. To measure
the inorganic phosphate content in these solutions will be essential for further investigation.
The formation of the nano-scale regular-shaped crystals in § 6.9 is notable for its instant speed.
So far, any reactions to produce HA through precipitation are either time-consuming, such as
the biomimetic methods [36], or yield amorphous calcium phosphate which only changes to
HA if additional treatment is applied as in the sol-gel method [37]. Thus, further investigation
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into this process may be of great interest. However, so far, researches into HA production via
Serratia have focused on the complete process[1, 7]. That is to say, the cleavage of the
organic phosphate is not separated from the deposition of metal phosphate salts. Observations
in this work suggest that these two processes may be two independent reactions. By
separating these two steps and sterilising the bacteria treated waste water in advance,
nano-scale HA crystals are likely to be synthesised safely and easily at an amazing speed.
9.1.5 Possible nuclei and nucleation sites
Biomineralisation of HA via Serratia biofilm is a complicated process. Several possible
locations may act as nucleation sites: bacterial cell walls, EPM layers and anywhere with free
Ca2+ and HPO42-.
1. Serratia cell walls
Macaskie et al. showed that LPS on Serratia cell walls was the major nucleation sites for the
uranyl phosphate precipitation [38]. These groups may also serve as the nucleation sites for
the production of Serratia HA: Ca2+ is bonded to the PO43- functional part of LPS and nucleus
is thus formed.
2. EPM layer
Jeong et al. reported two phosphatases in Serratia, CPI and CPII, possibly representing
cell-bound and extracellular forms of the enzyme, respectively [26]. Thus, theoretically, HA
can be produced both within and around the cell wall (CPI), and inside the extracellular
polymer matrix (EPM) layer (CPII).
Cross-section study in this work reveals an extra crystal shell covering a group of crystal
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spheres (Figure 6.4c & d). The gap found between the shell and the groups of spheres
suggests two independent crystal formation reactions. It is possible that the bright circular
shapes with 0.5 to 1 m diameters (Figure 6. 4c) are the locations of Serratia cell walls, and
the shell EPM. The contrast between the two is possibly caused by denser crystals around the
cell walls, where most enzymes exist and thus the nucleation is most likely to happen,
yielding a stronger signal when observed by SEM.
3. Where Ca2+ and free HPO42- are available
What was discussed in § 9.1.4 indicates that the precipitation of HA is not necessarily
cell-bound or enzyme-linked. Any sites where Ca2+ and free HPO42- are available, nucleation
could be initiated.
9.1.6 Advantages and disadvantages of Serratia biomineralisation
Bacteria Serratia, previously identified as Citrobacter sp., was first reported in the recycle of
UO22+ [39]. This bacteria was later used to remove organic phosphate[7], cobalt, strontium
and caesium[40]. After the bacterial treatment, the phosphate content in a contaminated
solution decreased from ~ 0.27 mM (25 ppm) to ~ 0.02 mM (2 ppm) [7]; 137Cs, 85Sr and 60Co
were reported to be removed entirely from a simulated radioactive waste [40]. Serratia were
also found to be able to produce calcium phosphate [6]. The simultaneous production of HA
via bacteria Serratia and its ability to utilise and deplete organic phosphate are economically
advantageous, but there are other advantages:
First of all, Serratia HA bear a resemblance to bone minerals, which are calcium deficient
carbonated HA containing Na+ and Cl- [41]. Although not included in this work, previous
studies by Thackray (2005) [16] and Ledo (2008) [5] have shown presence of carbonate
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within the Serratia HA through FTIR analysis. Secondly, Serratia HA are superior when
compared to HA obtained via traditional methods. The by-products such as TCP, OCP, CaO
and TTCP which are often accompanying solid state reactions and hydrothermal reactions [42,
43] can be avoided. Thirdly, Serratia HA are nano-scale crystals, comparable to crystals
formed by the biomimetic method [44] and much smaller than crystals formed by solid-state
reactions or hydrothermal methods [17]. This aspect will be discussed further in § 9.2.1. Last
but not the least, the reaction between Ca2+ and bacteria liberated HPO42- is distinct. The
formation of nano-scale crystalline minerals, possibly HA, is instant and the product benefit
from having regular dimensions, whereas amorphous HA is the direct product in sol-gel
method and only if heat treatment is applied can it transforms to a crystalline structure. The
above discussions are summarised in Table 9. 1.
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Table 9. 1 Biomineralisation of HA via Serratia in comparison with bone mineral and HA fabricated by other methods
Reactions and products
Production method

Reaction
conditions

Bone minerals [41, 45,
46]

—

Solid-state reaction [42,
43]

High
temperature
High
temperature,
high pressure
Strict pH
control, heat
treatment
Often long
reaction time
(weeks) in
SBF, but can be
facilitated by
increasing
temperature or
solution
strength

Hydrothermal method
[17]
Sol-gel method [37, 43,
47]

Biomimetic method [44,
48, 49]

Biomineralisation via
Serratia [5, 16]

Serratia

Serratia HA before sintering

By products

Chemical composition

Crystal size

Crystal
morphology

—

—

Calcium-deficient HA
with the incorporation of
HPO42-, CO32-, Mg2+, Na+
and F-…

Various in
different
bones

Usually plates
with irregular
edges

HA

α/ -TCP…

HA

—

—

HA

—

HA

Nano-scale to
micro scale

Needles

HA

α/ -TCP,
TTCP, CaO…

Crystalline HA only after
heat treatment is applied

Nano-scale to
micro-scale

—

OCP

HA with the
incorporation of CO32-,
Cl-, Na+, Mg2+…

Nano-scale to
micro-scale

Needles, rods,
plates

—

Carbonated calcium
deficient HA with Naand Cl-

Nano-crystals

Usually curved
plates

Main products

HA

HA
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9.2 Biomineralised HA as a coating on titanium substrates
Previous work was mainly focused on the Serratia biomineralisation process [7],
characterisation of the mineral products [50] and production of porous crystal scaffolds [51],
and its potential as a coating method is not totally understood, which was discussed in this
section.
9.2.1 Coating structure
9.2.1.1 The Serratia HA coating structure
Serratia HA coating is a 3D porous structure with an extremely high surface area.
3D porous structure
Serratia HA coating structure is unique in its 3D porous architecture (Figure 6. 3 and Figure 6.
4) regardless of the solid substrate and comparative independence of the substrate topography
(Figure 6. 4a). On the other hand, in almost all the other coating methods, the general
morphology of the coating depends on the topography of the substrate. The biomimetic HA
coating formed in SBF is an even HA layer several micrometres thick (Figure 9. 3d)
consisting of crystal clusters (Figure 9. 3c) that are groups of nano-scale HA crystals [52, 53].
The coatings formed by plasma spraying are less even, thicker (Figure 9. 3b) but smoother at
the micro-scale (Figure 9. 3a) than the biomimetic coating, and consist of both amorphous and
crystalline HA with other decomposition phases [54, 55]. Either way, the coating itself is more
solid rather than the Serratia HA coating, the structure of which is determined by the nature of
the coating method. In traditional coating methods, the titanium substrate is the direct support
for the HA film. In Serratia biomineralisation, it is the biofilm that is the skeleton for the
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crystal growth, while titanium acts as the direct support of the biofilm and thus only has an
indirect influence on the coating morphology. Biofilm usually adapts a 3D porous structure
[20], which determines the porous architecture of the Serratia HA coating.

a

b

Ti 64

Al2O3

Resin

c

HA

d

Ti

Figure 9. 3 Examples of HA coating formed on titanium by plasma spraying and the
biomimetic method
a: The morphology of plasma sprayed HA coated alumina blasted Ti 64 (adapted from [54]).
b:Cross section through plasma sprayed HA coated alumina blasted Ti 64 (adapted from [54]).
c: The morphology of a biomimetic HA coating on CP Ti (adapted from [52]).
d: A cross section through a biomimetic HA coating on CP Ti (adapted from [53]).
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High surface area
As in biomimetic coatings, the Serratia HA coating also consists of micro-spheres (Figure 6.
3b & c and Figure 6. 4c & d) which are usually composed of nano-scale HA crystals (Figure 6.
5 and Figure 6. 7). This hierarchy of architecture confers the coating with macro-, micro- and
nano-scale roughness, thus ensuring an extremely high surface area. Mammalian cells are
sensitive to discontinuities from the macro to the nano-scale [56-58]. The rate and quantity of
new tissue formation is controlled by the surface roughness of the substrate and its topography,
as they display a strong influence on protein adsorption, cell attachment, cell proliferation,
contact guidance and cell differentiation [59]. Therefore, Serratia HA could be used as
mammalian cell carriers to provide an appropriate environment where the cells can proliferate
and produce the desired bone matrix, thus improving the osteoconductivity and
osteointegration of the graft. Moreover, this coating may also have a wide market in water
purification, as catalyst carriers, and for drug delivery in vivo. As far as the author is aware,
Serratia biomineralisation is the only method to generate roughness at this wide range (from
macro- to nano-scale), in comparison with other methods (in Figure 9. 4).
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a

b

c
d

Figure 9. 4 Several examples of published porous coatings
a: An electrostatic spray deposited calcium phosphate coating on Al2O3 grit blasted titanium
(adapted from [60]).
a: A detail of the coating in (a) (adapted from [61]).
c: HA-containing porous titania coating processed on ultrafine grained titanium by micro-arc
oxidation (adapted from [62]).
d: Cross section through (c) (adapted from [62]).
Possible differently patterned structures
It was demonstrated in Chapter 4 that the morphology of the 7-day old biofilm differs on
titanium discs with different surface treatments, when comparing Figures 4. 5 to 4. 10.
Considering that this biofilm serves as a ‘skeleton’ for the subsequent crystal coating, it can
be hypothesised that the morphology of the HA coating might be different on titanium
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substrates with different surface treatments. Moreover, even on the same surface, the structure
of the HA coating can be different as biofilm structure is sensitive to fermenter parameters
during the biofilm formation, as has been shown with Pseudomonas biofilms, illustrated in
Figure 9. 5 [63]. This suggests the possibility of developing a smart coating by adjusting
either the substrate or the fermenter conditions. Such significant variation in coating structure
may not be achieved using alternative methods and merits further investigation, as cells show
guided growth on textured surfaces [57]

a

b

c

Figure 9. 5 Examples of different Pseudomonas biofilms obtained
with different flow conditions (adapted from [63])
a: ripple-patterned biofilm
b: circular-shaped biofilm
c: biofilm streams
9.2.1.2 The sintered coating
Heat treatment was applied to burn off the biomass and to sinter the crystals coating. After
sintering, the structure of the coating appears to be hardly changed at all at the
macro/micro-scale (Figure 7. 2). However, the individual crystals changed not only in terms
of morphology but also chemical composition.
Theoretically HA starts to decompose to -TCP when heated to a temperature between 800 ºC
to 900 ºC, according to the reaction in Equation 9. 1 [43]. It is possible that the decomposition
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of the nascent HA in this study occurs in a similar route by losing OH- to yield a structure
(Ca10Na(PO4)7) similar to that of -TCP until it is completely transformed to -TCP at 1200
ºC [16]. The formation of a calcium-deficient -TCP structure with a Ca/P ratio of 1.16

0.05,

as compared to its stoichiometric state (Ca/P ratio = 1.5) is because of the low Ca/P ratio of
the starting material (1.27

0.11).

Ca10 ( PO4 ) 6 (OH ) 2

3Ca 3 ( PO4 ) 2

CaO H 2 O

Equation 9. 1
The phase transformations of the crystals during sintering are summarised in Table 9. 2,
together with previous results by Thackray [16] and Medina-Ledo [64]. It can be seen that HA
starts to decompose at 600 ºC and transforms entirely to

-TCP at 1200 ºC. Na and Cl

originally incorporated within the lattice are retained within the crystals at lower temperatures
(600 ºC and 800 ºC), but are removed at 1200 ºC. The formation of -TCP can be beneficial,
depending on the application. It is more soluble than HA in vivo and thus displays higher
biodegradability [65].
Table 9. 2 The phases of the sintered crystals: comparison between this work and pulished
studies
Sintering temprature
Nascent crystals [16, 64, this work]
600 C [16, 64]
800 C [this work]
1200 C [16]

Phases present
Ca10(PO4)6(OH)2 (HA)
Ca5(PO4)3Cl + NaCl+HA
Ca10Na(PO4)7+ Ca5(PO4)3Cl
Mainly -Ca3(PO4)2

After sintering, the transformation of the curved plates (Figure 6. 5c) to irregular particles
(Figure 7. 3) but without significant crystal growth may lead to a smaller sphere, as illustrated
in Figure 9. 6b. It can be seen from the cross section samples before (Figure 6.11) and after
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(Figure 7.8) the heat treatment that the porosity of the coating was significantly increased.
Sintering at higher temperatures such as 1100 ºC may result in further decrease in volume,
possibly caused by crystal growth through a consolidation of the nano-particles and
subsequent fusion of separate crystal clusters to form smooth grains, as illustrated in Figure 9.
6c. The morphologies of the bio-crystal coating sintered at 800 ºC and 1100 ºC [16] are
compared in Figure 9. 7. Figure 9. 6b corresponds to Figure 9. 7a, while Figure 9. 6c
corresponds to Figure 9. 7b. Judging by the similarity between the way the crystal spheres are
positioned after sintering at 800 ºC (Figure 9. 7a) and the structure of the large grains after
sintering at 1100 ºC (Figure 9. 7b), it may be assumed that the individual -TCP grain in
Figure 9. 7b is developed from a crystal cluster consisting of nano-particles as in Figure 9. 7a.
To obtain a coating with desirable strength, it should be a consolidated structure similar to that
shown in Figure 9. 7b which means sacrificing the nano-scale roughness to form large grains
which offer physical strength. To achieve this, the matrix should be sintered above 1000 ºC.
With pure titanium as substrates, this is not practical since any heat treatment beyond its
-transus temperature (~882 ºC) will lead to rapid crystal growth and in turn a significant
decrease in the substrate physical strength. However, at 800 ºC, the crystal clusters are still
composed of nano-particles instead of consolidated grains as compared in Figure 9. 7. Thus,
the strengthening effect may not be noticeable. The increased coating porosity after sintering
(800 ºC) suggests that there will be hardly any significant improvement of the physical
strength. Increasing the holding time at 800 ºC from 5 to 10 hours may not help either, as the
crystal morphology is similar to the 5 hours (Figure 7.3).
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a: the nascent
crystal cluster

b: sintered at 800 ºC

c: sintered at
1100 ºC

Figure 9. 6 Schematic drawing of the crystal morphology and volume change during heat
treatment
a: The morphology of the nascent crystal clusters. Each cluster consists of plate-shaped
crystals. Bacteria are not shown.
b: The morphology of the crystal clusters sintered at 800 ºC. Plate-shaped crystals change to
nano-particles. Organic parts are burnt off. The volume of the crystal clusters in (a) is
decreased from its original dimension (indicated by the green line) to a smaller sphere (the
yellow part), leading to increased porosity between crystal clusters, as compared by the
arrowed sites in (a) and (b).
c: Crystal fusion and growth result in a significant volume decrease and the formation of a
smooth cluster surface.
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a

b

c

Figure 9. 7 The morphology of the crystal clusters sintered at 800 ºC and 1100 ºC
a: Crystal coating sintered at 800 ºC for 5 hours (heat treatment route 1)
b: Crystals sintered at 1100 ºC. (Ramp at 3 C/min to 550 C; hold at 550 C for 3 hours; ramp
at 3 C/min to 1100 C; hold at 1100 C for 2 hours; cool.) [16].
c: Schematic drawing of the transformation from crystal clusters to a grain.
9.2.1.3 Advantages and disadvantages
Even today, the manufacture of an HA coating that can offer sufficient strength in
load-bearing sites in the human body remains a huge challenge. So far, the most promising
method in terms of coating strength is plasma spraying. However, this ‘line-of-sight’ method
is not appropriate when porous titanium or titanium with complex structures is used as a
substrate. Wet methods such as the biomimetic methods and electrochemical deposition are
successful in coating porous structures, but they may not be able to withstand forces as the
coating usually consists of loosely bound particles only. In spite of the weakness of such
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coatings, they have proved to be successful after implantation for different periods [12, 15,
66], due to their advantage in promoting the mineralisation of bone tissues. The Serratia
coating suffers from the same problem as it is also a network of loosely stacked crystal
clusters even after sintering at 800 oC, and thus may not be used at load-bearing sites. It is
extremely difficult to evaluate the coating strength for the following reasons. First of all, it is
porous, containing crystal clumps with various sizes on a crystal matrix. Secondly, it is not
solid even within the coating, but crystal clusters which are likely to be hollow spheres
(Figure 6. 4c). Thus, traditional methods for coating strength may not give reliable results.
Recently, Yong et al. used a micro-manipulation technique to measure the adhesion strength
of fresh and mineralised Serratia biofilm on titanium surfaces [96]. This method may be
explored in the future to compare the adhesion strength of Serratia HA coated titanium and
HA coatings achieved via other methods.
However, enormous benefits can be achieved using this coating. It is superior for its 3D
porous structure with an extremely high surface area and is independent of the substrate.
Moreover, it is possible to obtain various patterned coating by adjusting the biofilm structure
through fermenter conditions. Previous work has demonstrated that Serratia HA favoured
mammalian cell adhesion, proliferation and differentiation [51]. Thus, the coating achieved in
this work may promote cell growth (due to its nano- and micro-scale roughness) as well as a
certain amount of bone ingrowth (due to micro- and macro-scale roughness) when compared
with other coatings, which merits further investigation. Remarkable differences have been
reported when the solid particles have nano-scale sizes, including changes in mechanical,
electrical and magnetic properties to chemical properties such as solubility, reactivity and
catalytic activity [67]. Cellular functions and tissue growth can be enhanced by nano-scale
features, because of the ability of nano-roughness in promoting protein adsorption such as
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fibronectin that is critical for mediating the adhesion of anchorage-dependent cells [68]. It
was observed that cells react strongly to nano-scale roughness down to 10 nm [69]. Therefore
the in vivo behaviour of Serratia coating could be outstanding. It will be of great interest to
explore this aspect in the future.
9.2.2 The coating-substrate interface structure
The coating-substrate interface demonstrates how well the coating is bonded to the supporting
material and therefore is an important component during the characterisation of the coating.
9.2.2.1 The interface between the crystal coating and the grit blasted titanium surface
The grit blasted titanium surface
Grit blasting is a common procedure used to increase the surface area of titanium implants, by
producing a roughened surface (Figure 6. 1a) to improve bone interlocking. Aluminium oxide
particles are still commonly used to bombard the surface. The presence of embedded Al2O3
particles (Figure 6. 1b & c) and their potential consequences have been reported by other
researchers [70, 71]. The release of Al3+ from these particles into the physiological
environment has aroused much concern, as it is recognised as an etiological factor in
aluminosis, encephalopathy and osteodystrophy, and non-iron deficiency microcytic anaemia
[72]. Thus, other grits such as SiO2, TiO2 or HA have been introduced to replace Al2O3 [73,
74].
In addition to the roughening effect, the grit blasting also produces a severely deformed
surface composed of a nano-crystalline layer and a twinned region underneath (Figure 6. 1e &
Figure 6. 11b). Similar effects, for example a nano-crystalline structure due to severe plastic
deformation, have been reported for steels treated by air blast/ultrasonic shot peening [75, 76]
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and in titanium processed by severe plastic deformation such as in equal channel angular
pressing (ECAP) [77, 78]. This nano-crystalline structure not only improves the strength and
hardness of the starting material, but may also lead to increased bacterial adhesion [77] and
cell adhesion and proliferation [78-80], attributed to the increased surface roughness due to
the nano-grained surface. The findings in this work demonstrate for the first time that simple
grit blasting of CP Ti with Al2O3 can create a nano-crystalline surface which is very likely to
promote both bacterial and cell adhesion, and will be interesting to investigate in the future.
The coating-substrate interface
The nascent crystals are sensitive to both ion beams (FIB/SEM) and high energy electrons
(TEM), thus suffer severe beam damage during ion milling and when observed by TEM. The
ion beam damage was so severe that when the specimen was thinned to around 90 nm, the
entire crystalline structure of the coating was damaged and became amorphous with
bubble-like features (Figure 6. 11c). Their original crystalline structure is only hinted by the
weak diffraction rings (Figure 6. 11d). To solve the problem, a thicker specimen,
approximately 150 nm, was prepared. However, this leads to a significant reduction in
resolution, due to the super-fine crystals in comparison with the specimen thickness along the
beam. In further studies, the introduction of cryo techniques for specimen preparation and
characterisation (Cryo-FIB/SEM and Cryo-TEM) may solve the problem. In both cases, the
specimen will be cooled to -196 oC in liquid nitrogen (freezing rate of the order of 106 K/sec)
to prevent the formation of ice crystals before it is transferred to a cryo workstation, then into
a cryo holder and finally the electron microscope [81].
In spite of the beam damage problem, it was possible to make a cross section showing that the
coating layer remains in full contact with the substrate even before the heat treatment (Figures
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6. 10 & 6. 11). However, cracks which extend to the substrate surface (Figure 6. 11a) and
holes caused by the dehydration of bacteria can be observed within the deposited layer
(Figures 6. 10b & 6. 11b). These would potentially lead to coating failures if force was
applied. The diffraction pattern obtained near the titanium substrate suggests that the coating
is crystalline (Figure 6. 11d). This is different and possibly advantageous in comparison with
the amorphous calcium phosphate layer at the same location in a plasma sprayed coating [82],
in which case the amorphous HA dissolves faster than the crystalline phase and may lead to
coating failures [83], and is one of the major concerns in the successful application of plasma
sprayed HA coatings [82, 84].
The influence of heat treatment on the interface structure
The increasing porosity of the coating after heat treatment has been discussed above.
Although the crystals are no longer beam sensitive, this increase in porosity adds to the
difficulty in producing a satisfactory TEM specimen. As shown in Figure 7. 8, curtaining was
so severe that parallel artefacts were produced during ion milling. Moreover, the coating was
almost entirely consumed, whilst the metal part was still too thick to be transparent to the
electrons.
The transition layer at the interface, mainly consisting of Ti, P-rich Ti and Al-rich Ti due to
the diffusion of P and Al during the heat treatment, as confirmed by both SEM and TEM
(Figures 7. 7, 7. 9 and 7. 11), is of great interest. SEM EDX maps suggest complete diffusion
of the embedded Al2O3, which is very surprising, as Al2O3 is very stable, and is reported to
maintain its oxide form between 800 oC and 900 oC with the formation of TiAl3 at the
Al2O3-Ti interface [85]. Further work is necessary to investigate this phenomenon. The
morphology of the TiP interface on the grit blasted titanium without alkali treatment is similar
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to that described previously [86]. The complexity at the interface may be in part due to the
roughened titanium surface prior to heat treatment because of the grit blasting, offering
discontinuities as diffusion path during sintering. As a result, the interface structure appears to
be a composite of Al-rich Ti, P-rich Ti and Ti (Figure 7. 7 to Figure 7. 9). CaTiO3 was not
observed in this work, but other researchers have reported this if the HA coated Ti was
sintered at 1200 ºC [87], and occasionally at 800 ºC [88].
The P-rich titanium layer is potentially advantageous, due to its higher biocompatibility when
compared with titanium. It has been reported that removal torque values were higher on a TiP
surface than on an untreated CP Ti surface after 4 weeks’ implantation [86]. Although HA
coatings can significantly reduce the ion release of the metal substrate [89], cracks are a
common defect in HA coatings no matter how they are made. There are concerns that the
body fluid could penetrate these cracks and react with the underlying metal that may contain
cytotoxic elements such as Al and Ni [90]. This additional TiP layer thus may provide an extra
protection against the cytotoxic elements released by the metal substrate, even after the failure
of the coating [86].
9.2.2.2 The interface between the crystal coating and the alkali treated grit blasted
titanium surface
The introduction of alkali treatment was intended to improve the bonding strength of the HA
coating to the titanium substrate. However, in Serratia HA coatings, the interface is no longer
the weakest point as it is in the case of plasma sprayed HA, and thus no strengthening effect
was anticipated. However, the interface structure of the alkali treated specimen turns to be of
great interest.
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The influence of alkali treatment on the grit blasted titanium surface
The morphology and chemical composition of the sodium titanate layer on the titanium
surface is in good accordance with previous reports [91, 92]. This activated layer is also
observed on the embedded Al2O3 (Figure 6. 22), but without the incorporation of Al (Figure 6.
20). This observation suggests that the small amount of entrapped alumina did not seem to
affect the reaction between NaOH and Ti, in agreement with previous reports where the same
sodium titanate was observed on Ti 64 and Ti-15Mo-5Zr-3Al as on pure titanium [13, 93].
Judging by the neat boundary between the sodium titanate Layer 1 (leaf-structure) and Layer
2 (random particles) and its similarity to that between Layer 2 and the titanium substrate in
Figure 6. 22, it is possible that the boundary between Layer 1 and Layer 2 may be the original
titanium surface before the alkali treatment. Ti in Layer 2 diffuses into the solution and reacts
with Na+ to form Layer 1; at the same time, Na+ can diffuse into Layer 2 and reacts with
titanium. Thus, the leaf-structure is observed to be the same on Al2O3 as on Ti. The lack of
Layer 2 on Al2O3, combined with the absence of Al from the influenced layer, shows the
stability of alumina when treated with NaOH.
The coating-substrate interface
The alkali treatment does not have any noticeable influence on the nascent coating in terms of
structure and thickness. It is the interface that is different. HA is formed within and fills the
gaps in the sodium titanate layer (Figures 6. 20 to 6. 22). This ingrowth may strengthen the
adherence of the HA coating due to interlocking between the coating and the sodium titanate
layer. The stability of the sodium titanate layer is consistent with a previous report [44]. In
another research, although the sodium titanate layer could not be distinguished from the
newly deposited HA, TEM/EDX indicated that the content of Ti in the same region was stable
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[11]. The stability of sodium titanate would seem to suggest that its role was restricted in
offering nucleation sites for HA only, but it is not involved in any further reactions.
The influence of heat treatment on the interface structure
Although the alkali treatment does not have any distinguishable influence on the nascent
biomineralised crystal coating, its effect become visible after sintering, giving the appearance
of a thicker and much more porous interface. Without the alkali treatment, the titanium
substrate appears to be solid after sintering (Figure 7. 6b, plan view). It is only in cross section
that the surface is found to be porous (Figure 7. 6d & Figure 7. 8). With alkali treatment, the
substrate appears to be porous even in the plan view (Figure 7. 10a), consisting of randomly
arranged rounded struts (Figure 7. 10b).
This layer itself can be an interesting feature, as it is not only porous but also rich in P.
However, further structural analysis is needed in order to understand the formation
mechanism.
9.2.3 Biosynthesis of HA on porous titanium webs
Compared with solid substrates, it is more difficult to apply coatings to porous scaffolds
(Figure 9. 8). Traditional methods such as plasma/thermal spray will not be suitable due to
their inability to coat the inside of the porous structure, or some hidden parts of a complex
shape. So far, the successful methods include the sol-gel method, SBF biomimetic method and
electrochemical deposition [15]. Serratia biomineralisation offers another approach to solve
the problem.

239

Chapter 9
a

b

c

Figure 9. 8 Several examples of porous matrices and grafts with complex shapes
a: a porous titanium web (Hi-Lex. Ltd, Japan)
b: An HA coated porous polyurethane reticulated foam cubes [16]
c: A porous Ti implant [94]
The crystals formed within the porous titanium system are similar to those formed on the
solid titanium discs, being calcium-deficient hydroxyapatite. The crystals are mainly
nano-scale plates, although the crystal size tends to be larger inside the structure. The
difference in ion concentration during mineralisation may contribute to the phenomenon, as
discussed in § 9.1.2. The biofilm is anticipated to be thicker at the periphery of the porous
matrix [95], and thus a crystal shell is likely to form during the early mineralisation of the
outer biofilm, wrapping the entire matrix, making further transportation of medium into the
scaffold even more difficult.
The X-Ray Micro-CT scanning indicates abundant crystal formation within the porous
titanium matrix (the sample with biofilm pregrown in the fermenter), as shown in Figure 8. 2.
Results also indicate that the crystals can develop well beyond the boundary of the titanium
matrix (Figure 8. 2b). This may be caused by the thicker biofilm at the periphery of the matrix,
as illustrated in Figure 5. 5. The easier access of the outer biofilm to the fresh mineralisation
solution may also result in a faster crystal precipitation at the periphery of the structure.
Actually, so many crystals were produced that spaces inside the metal scaffold were almost
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entirely occupied, with only a few pores left (Figure 8. 2b, c & d). In other words, with a 5
day-old biofilm prepared in the fermenter, instead of an HA coated titanium web, what is
obtained is more like a Ti reinforced porous HA composite. With decreased biofilm thickness,
the amount of the mineralised crystals may be reduced. It was observed in this work that
biofilm prepared by simply incubating the titanium meshes in a secondary bacterial culture for
three days (Figure 8. 5) was much thinner than the 5-day-old specimen processed in a
fermenter (Figure 4. 13). As a result, the subsequent HA coating was thinner as well, if Figure
8. 6a and Figure 8. 1a are compared.
However, the challenge remains to form a smooth and even coating on the porous 3D scaffold
through bacterial biomineralisation. Even on the thin HA coated specimen (3-day old biofilm),
the coating thickness ranged from 1 µm to above 10 µm. In fact, the crystal coating is directly
supported by the bacterial colonies rather than the metal matrix. Therefore, it is natural to
anticipate such a coating structure with a wide thickness distribution and a large amount of
crystal clusters suspended between the titanium wires, as the biofilm thickness varied on
different titanium wires and bacteria formed hanging bridges across different wires (Figure
8.5). To form an even and smooth coating, the biomimetic method might be more suitable
(Figure 9. 9). However, bacterial biomineralisation is still a better solution for applications
when a high surface area is a priority.
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Figure 9. 9 Biomimetic HA coating on a porous titanium substrate [15]
9.3 Bacterial biomineralisation as a coating method: advantages and major limitations
There are several disadvantages of Serratia HA coatings. First of all, the complex structure of
the biofilm makes the ion concentration differ from site to site, possibly leading to an
unevenness in crystal size within the structure. Secondly, strict controls are required for both
the fermentation and biomineralisation processes. Moreover, not only is the average thickness
of the biofilm dependent on the position of the support within the fermenter body, but also,
during mineralisation, samples closer to the ‘medium inlet’ are quicker to form HA and the
amount of the crystals formed is higher than at the far end. Thus, both the fermenter and
bioreactor need to be adjusted to achieve even coatings. Due to its structure, a Serratia HA
coating may not be successful on pure titanium if used at load bearing sites. Sintering at
higher temperatures (>1000 oC) may solve the problem, but the nano-roughness will be lost
and the choice of metal substrates will be very limited.
However, more benefits can be obtained. First of all, like the apatite found in bone in vivo,
HA formed in this way is calcium deficient with the presence of Na+ and Cl-. Secondly, it is
theoretically very easy to substitute Ca2+ with other elements such as Mg2+ and Sr2+, and to
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incorporate F-, simply by modifying the composition of the mineralisation solution. Thirdly, a
porous substrate can be coated due to the motility of bacteria in an aqueous environment. Last,
but not least, the macro-, micro- and nano-roughness of the coating conveys an extremely
high surface area into the system. This method is the first to introduce roughness over this
wide range. This kind of structure is independent of the substrate and may show different
patterns according to the biofilm structure.
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Chapter 10 Conclusions
10.1 Biofilms on titanium
This study is clinically important, as it offers information concerning bacterial interaction
with titanium surfaces, which are widely used as dental and orthopaedic implants. The
influence of titanium surface properties, including microstructure, alloy phase, chemical
composition and surface treatments, on bacterial adhesion, proliferation and biofilm formation
were considered.
10.1.1 Bacterial adhesion and proliferation
The combination of direct electron microscope imaging by SE, BSE and EBSD and the image
processing techniques used in this work provides a novel approach to study bacterial
distribution on metal surface directly and statistically. Not only are the artefacts due to etching
avoided entirely, but also more information is extracted without additional specimen treatment
such as coating, further polishing and etching. What is even more significant is the fact that
using this method, bacterial distribution can be easily related to nearly all the microstructural
components. Thus, a thorough statistical analysis is easier, more accurate and more
informative.
The Gram-positive bacteria S. epidermidis and S. sanguinis, and the Gram-negative E. coli
and Serratia attached randomly on CP Ti, regardless of GBs and grain orientation, in both
adhesion and the early proliferation stage (Serratia alone). This suggests that bacteria may not
be sensitive to the energy and morphological changes due to the presence of GBs or different
orientations on pure titanium with an equiaxial structure as used this work. Neither did the
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Gram-positive bacteria (S. epidermidis and S. sanguinis) distinguish between the two phases
of Ti 64, suggesting they may not be sensitive to minor chemical difference during adhesion.
Although all the four bacteria showed equivalent adhesion on CP Ti and Ti 64 with similar
surface wettabilities in terms of WCAs, the Gram-positive bacteria and the Gram-negative
bacteria showed opposite adhesion patterns on CP Ti, Ti 64 and V: whilst S. epidermidis and S.
sanguinis preferred the less hydrophilic V, the Gram-negative E. coli and Serratia tended to
show better adhesion on the more hydrophobic CP Ti and Ti 64. However, further studies are
required to draw any general conclusion here, as will be discussed in Chapter 11. Al may be a
potential bacterial adhesion/proliferation inhibitor as indicated by the low number of adhered
bacteria.
In the adhesion stage, the bacteria may not be able to detect the minor differences of the
chemical composition between the two phases of Ti 64, judging by the random adhesion
patterns of the two cocci on Ti 64, and between CP Ti and Ti 64, considering the equal
numbers of adherent bacteria. However, the effect of chemical composition may start to play a
role during the early proliferation, as the number of Serratia was slightly higher on CP Ti than
on Ti 64, although the difference is not significant. Studying the proliferation for a longer time
and with other bacteria may help to better understand the problem.
10.1. 2 Serratia biofilm formation
The importance of this section lies in a comparative study of the mature biofilm formation on
different titanium surfaces, which has been rarely reported before. It was observed in this
work that rather than being surface roughness-related, the number of bacteria associated in a
7-day old Serratia biofilm on titanium discs showed a weak dependence on the substrate
surface wettability. Generally speaking, biofilm formation appears to be better on the
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hydrophilic surfaces than on the hydrophobic ones. However, there were exceptions – for
example the biofilm formed well on the plasma sprayed surface, possibly due to its high
surface area. The quantitative analysis of the biofilm was carried out using bicinchoninic
protein assay. More accurate methods will be required in the future.
It was also observed that the topography of the substrates is important during biofilm
formation, as the colony shapes and bacterial orientation appeared to be quite different on
various substrates. On the mirror polished surface, flattened colonies with highly oriented
bacteria were common, whereas on the Al2O3 grit blasted surface they were more outstanding
and the cells were randomly arranged. Bacterial colonies were often observed to be in the
shape of bridges extending from the extruding titanium granules to the substrate on the
plasma sprayed surface. The embedded Al2O3 particles may not affect the biofilm morphology
as biofilms appeared to be the same on both titanium and Al2O3 surface on the alumina grit
blasted deep profile surface.
The porous titanium webs used in this study are suitable as carriers for biofilm development.
Serratia biofilm was observed to form at the periphery of the porous substrate and deep inside
the matrix. Not only did bacteria attach to the solid surface (on the titanium wire), they were
also capable of extending between far separated features through ‘bacterial hanging bridges’,
which could lead to bacterial colonial growth filling the pores in the matrix.
The 3D examination using X ray Micro-CT is based on a different X-ray absorption rate of
samples with different density. It has never been involved in the characterisation of biofilm on
metal substrates. In this study, it was found that Micro X ray-CT (Skyscan) can distinguish the
large bacterial colonies and the solid titanium wires. However, it is inadequate for the analysis
of thin biofilms and smaller colonies, either due to the resolution limit or the insufficient
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contrast of the above features.
Fixed and dehydrated samples were used for the study of biofilm morphology and distribution
using SEM and Micro X ray-CT. These techniques can be used to characterise the biofilm
development, not only on solid titanium discs, but also on porous substrates. However, there
may be artefacts due to fixation and dehydration during sample preparation, especially in the
characterisation of biofilm distribution within a porous structure.
10.2 Biomineralisation on titanium discs
Bacterial biomineralisation is a well-known phenomenon, and is suggested to have
applications in metal accumulation [1], bionanomineral production [2] and wastewater
treatment [3]. It may also be used as a coating method [4]. This work evaluated in detail the
biomineralised HA coatings on titanium and the potential applications.
10.2.1 Serratia HA
The

nascent

biomineralised

crystals

are

nano-scale

hydroxyapatite.

They

are

calcium-deficient, but mature with prolonged mineralisation time. The crystals are usually
curved plate-shaped, but occasionally can be in the form of flat plates. Results in this work
suggest that the ion concentration of the mineralisation solution can influence the crystal size
and morphology, with the formation of larger and thinner HA plates when β-GP was scarce.
Further studies are required to investigate other possible influence of crystal formation during
bacterial biomineralisation.
The cleavage of -GP is suggested to be the rate controlling step in this biomineralisation
process. Although the cleavage of -GP to liberate HPO42- is undoubtedly bacteria-related,
results in this work indicate that the further reaction between HPO42- and Ca2+ to form HA
251

Chapter 10

may not be dependent on the Serratia cells. Thus, spontaneous deposition of HA is possible
where both Ca2+ and the free HPO42- are available and not necessarily bacteria-bound.
Therefore, there are three possible locations for HA deposition during bacterial
biomineralisation, around/inside the Serratia cells, within the EPM layer, and where both
Ca2+ and HPO42- are free.
10.2.2 Biomineralisation for coatings on solid titanium substrates
The HA coating formed on titanium by Serratia biofilm is calcium-deficient hydroxyapatite
and forms a structure with an extremely high surface area due to its macro-, micro- and
nano-roughness. This structure resembled, but differed from, the structure of the biofilm prior
to mineralisation, containing bacterial towers on a bacterial matrix. No noticeable difference
was observed between crystals formed on the surface of titanium, the embedded Al2O3, the
sodium titanate layer and on the surface layer of the coating.
Sintering is necessary to demolish the biomass and to calcify the crystal coating, and it
significantly changed the properties of both the coating and the substrate. After sintering at
800 oC for 5 hours, the HA crystals changed to a phase that closely resembled

-TCP.

Although the coating structure was preserved, most of the nano-plates transformed to
irregular-shaped nano-particles. Bacteria-shaped crystals and holes of approximately the size
of the Serratia cells were observed. Due to the migration of P from the crystal coating to the
metal surface, a diffusion zone was formed at the coating-substrate interface, consisting of
P-deficient calcium phosphate and P-rich titanium. The grain size of the titanium substrate
was increased from around 40 to 50 µm to above 100 to 200 µm.
Coating titanium discs with HA using bacterial biomineralisation is superior to other methods
when surface area is essential but physical strength is not so important, such as implants in the
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non-load bearing sites and as catalyst carriers. The coating structure is not determined by the
topography of the substrate, but the structure of the biofilm, yielding an extremely high
surface area with nano-, micro- and macro-scale roughness. This unique structure and the
nano-scale calcium-deficient HA may be beneficial in vivo to facilitate tissue mineralisation
and bone ingrowth. Its high surface area may find applications for drug release. This study is
the first to report calcium phosphate coatings with such structures. The disadvantage of the
coating is its strength. Sintering at higher temperature (above 1000 oC) may solve the problem,
but titanium may not be suitable as the supporting material (due to its low β-transus
temperature) and the mismatch of the thermal expansions between the crystal coating and the
substrate may become another challenge.
Due to the nature of biomineralisation itself, it can be hypothesised that all coatings obtained
from biofilms may resemble those found in this study, being a system of loosely bound
crystals with a potential porous structure which is not dependent on the topography of the
substrate. Similarly, the coating strength may be a universal challenge. Although it may be
solved by sintering at a higher temperature, the choice of substrates will then be very limited,
as only those that can stand heat treatment at approximately 1000oC (in the case of HA) or
even better above, can be used. Moreover, the nano-scale roughness may be lost.
10.3 Biomineralisation on porous titanium meshes
Serratia biomineralisation is a successful method of coating porous titanium with HA. The
coating thickness is closely associated with the thickness of the biofilm. Using porous
titanium meshes with biofilm pregrown in a fermenter lead to the formation of a very thick
layer of HA. Thus, the product was in fact a porous HA/Ti composite. The crystal layer was
thicker at the periphery of the Ti web, forming a crystal shell covering the entire structure.
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The crystals were nano-scale HA, the same as those formed on the Ti discs. However, the
crystals deep inside the porous Ti scaffold were larger than those on the surface. The coating
thickness was significantly reduced when the biofilm was prepared by simply cultivating the
titanium web in secondary Serratia culture for three days. However, the coating achieved was
not even, ranging from 1 µm to more than 10 µm, due to the un-even formation of biofilm. In
both situations, the coating itself is porous with a high surface area, similar to that on the
titanium discs. This HA coated Ti system may have applications as implants at non-load
bearing sites, for drug release in vivo, in water purification industry and as catalyst carriers.
However, it must be noted that this method may fail when an even coating of the porous
scaffold is required.
Significant crystal loss of both systems was observed after sintering, especially for the HA/Ti
composite. The entire crystal shell was destroyed. However, the remaining crystals were still
thick enough to coat the titanium wires, although there were cracks throughout the coating.
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Chapter 11 Future work
11.1 Biofilms on titanium
11.1.1 Bacterial adhesion and proliferation
It will be interesting to continue the study of microbial adhesion on metals using the present
methods. Other Gram-positive and Gram-negative bacterial strains and mammalian cells and
other metal systems such as steels and magnesium alloys may be included in future work. It is
premature to draw the conclusion that bacterial adhesion on metal surfaces is
Gram-property-related, based on the present results. A wider choice of both Gram-positive
and Gram-negative bacteria and their adhesions should be examined in the future.
Although bacteria cannot distinguish grain orientations at the micro-scale, to study their
behaviour on highly textured titanium substrates with different preferential orientations may
be fruitful, as certain orientations have shown different affinities for mammalian cells. For
example, MC3T3 pre-osteoblast cells attached better on a Ti 64 specimen with the
predominant orientation of (101 0) than on a (112 0) -domain surface, attributed to a
difference in surface wettability of the two specimens [1].
Although Gram-positive S. epidermidis and S. sanguinis attached randomly on Ti 64,
regardless of the different phase structures, it would be worthwhile to study further the
adhesion of Gram-negative bacteria on Ti 64, with a proper choice of the substrate: its grain
size should be much larger than the size of the Gram-negative bacteria used.
This study focuses on the influence of substrate microstructure and chemical composition, but
other factors may be equally important and should be included in further analysis, such as the
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surface charge of both the substrates and the bacteria, and the local pH environment.
11.1.2 Serratia biofilm formation
To estimate the amount of bacterial associated within the biofilm using protein assay is not
accurate and offered only a rough estimation. Thus, other techniques should be involved in the
future for a more accurate quantitative investigation.
Further experiments are necessary to confirm the influence of the embedded Al2O3 particles
on biofilm growth. It will be helpful to replace alumina with other grits such as TiO 2 and HA,
and to compare the biofilm development on these substrates. It will also be interesting to
study the adhesion strength of biofilm formed on titanium with different surface treatment
which can be directly related to the cleaning of medical devices.
One deficiency of this work was that all the studies of biofilm structure were done using
dehydrated samples where biofilms deformed and shrank. Cryo and environmental techniques
will be used in the future to investigate the live biofilm structure. It will be of great interest to
analyse the structure of the biofilm using environmental SEM, and to build up 3D profiles of
the biofilm development on various titanium surfaces as well as on porous scaffolds with
different structures and porosities in environmental conditions using techniques such as
confocal microscopy [2] and high frequency ultrasound imaging [3]. To monitor the biofilm
development in real time using confocal microscopy on different matrices will be of major
importance, as it will lead to a thorough knowledge on the conditions of the biofilm at
different stages and the influence of the substrate properties. Furthermore, a study of stained
biofilms to investigate the distribution of EPM [4], polysaccharides [5] and the activity of the
bacteria [4] would reveal more information about the biofilm growth and possibly the
influence of the substrate surface properties. Last but not the least, a cryo-FIB/SEM/TEM
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study may provide information such as the arrangement of bacteria at different locations
within a biofilm, the distributions of water channels and maybe even the elemental
distribution down to nano-scale which will be difficult to obtain using other techniques.
11.2 Biomineralisation on titanium
11.2.1 Biosynthesis of hydroxyapatite
Due to the sensitivity of the crystals to the high energy electron beam, it is difficult to further
describe the crystal morphology. The use of cryo-TEM may solve the problem.
Further information is required to explain the exact mechanism of the precipitation of HA by
Serratia. Although observations in this work indicated the solution ion strength could affect
the crystal size, there are other possible factors that may influence the crystal morphology. It
is possible that bacteria can secrete crystal growth templates or regulators in certain
environments, just like during bone healing in vivo. There is evidence that bacteria can
produce crystal regulators as discussed in § 9.1.3. Observations in this work indicate that it is
not entirely impossible, especially in the cases illustrated in Figure 9. 2, which merit further
investigations.
It will be interesting to continue the study of the reactions between the bacteria-liberated
HPO42- and fresh Ca2+ (§ 6.9). Not only is the reaction immediate, the products are nano-scale
crystals with a very narrow size distribution. A more precise description of these products is
required, possibly also by cryo-techniques. Even if they are HA, these crystals are possibly in
a very primitive form, judged by the low Ca/P ratio. It may be beneficial to adjust the
chemical composition of the solution and the reaction time to study the crystal formation in
different solutions.
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11.2.2 Biomineralisation of hydroxyapatite for coatings
The most fascinating aspect of the coating is its unique structure, which may be beneficial to
promote cell adhesion, in vivo mineralization and bone ingrowth. Although to study its
biocompatibility is not included in this work, the adhesion, proliferation and differentiation of
mammalian cells on the biosynthesised HA coated Ti will be evaluated in the future. Biofilm
structures are different on different substrates, as demonstrated in this project. Thus, HA
coatings with different patterns may be formed. To examine cell adhesion on these coatings
with different architectures will be interesting as the cells show different distribution patterns
on substrates with different topographies [6].
The shortcoming of the coating is its strength. By choosing a substrate that can stand higher
temperatures than Ti 64 (T = 995 oC), the problem may be solved. However, the mismatch
between the thermal expansions of calcium phosphate and metals may lead to significant
crystal loss. Serratia are also known to produce polyhydroxybutyrate [7], which raises the
possibility of a polyhydroxybutyrate-reinforced HA coating which may solve the problem of
the physical strength. However, to eliminate the bacteria effectively afterwards remains a
challenge. The coating may also be strengthened by filling the cracks and pores with HA sol,
such as described by Thackray in 2005 [8].
By adjusting the thickness of the biofilm, it may be possible to achieve composites with
different HA/Ti ratios, or rather, HA coatings with different thicknesses on porous titanium.
To compare cell adhesion on the HA coated porous Ti webs with different HA/Ti ratio may be
interesting. There have been a few reports concerning this aspect: for example, Webster et al.
(2003) reported cells behaved differently on carbon nanofiber (CN) reinforced polycarbonate
urethane (PU) according to the CN/PU ratio: with the increased CNs in PU, osteoblast cell
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density was significantly increased, although astrocyte and fibroblast cell adhesions were
slightly decreased [9]. To investigate the biofilm and the subsequent crystal coating formation
on titanium with different porosity will also be important. It is very possible that there exists a
critical value for the pore size below which it will be difficult for biofilm to penetrate inside
the scaffold and thus crystal coating will only exist at the periphery of the structure.
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