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Abstract

Bioactive Borate-Based Glass Coatings for Titanium Alloy Femoral Stems

Doctor of Philosophy, 2018, Yiming Li,

Mechanical and Industrial Engineering, Ryerson University.

Hydroxyapatite (HA)-coated Ti6AI4V stems are currently used in total hip replacement (THR)
surgeries. However, the residual stress in the HA coating due to mismatch in coefficient of thermal
expansion (CTE) between HA and Ti6AIl4V limits their application. Borate-based glasses can be
promising alternatives to HA because of their similar CTEs to that of Ti6Al4V and excellent
bioactivity that can promote bone repair. In this project, six borate-based glasses (Ly-BO, Ly-B1,
Ly-B2, Ly-B3, Ly-B4, Ly-B5) from the B203-P,05-Ca0O-Na,O-TiO,-SrO series were formulated by
increasing the concentration of strontium oxide (SrO) from 0 to 25 in mol% at the expense of B>O3
in the glass series. Increased SrO content induced larger amounts of non-bridging oxygens and
resulted in gradual increases in glass transition temperature (Tg). Discs of each glass powder were
immersed in de-ionized water under 1, 7 and 30 days, and then the water extracts were used to
determine the solubility and osteo-stimulatory effect of the glasses. Sr** doping retarded the
dissolution rate of the glasses and the higher levels of Sr?* doping (20 mol% and 25 mol%)
promoted proliferation of osteoblasts. Except for Ly-B5 (containing 25 mol% SrO), discs of each
glass powder exhibited bacteriostatic behavior against Staphylococcus aureus after 24 hours
exposure. The glasses were enamelled onto Ti6AI4V substrates, and then bi-layer double
cantilever beam (DCB) specimens were manufactured to measure the Mode | (Gic) and Mode I

(Guic) energy release rate of the glass coating/Ti6Al4V constructs. The mean Gic values increased



from 6.56 + 0.9 to 14.61 + 2.1 J/m? with increasing SrO content from Ly-B0 to Ly-B5, and the
mean Gyic values increased from 36.07 + 3.8 to 46.92 + 3.3 J/m? with increasing SrO content from
Ly-BO to Ly-B5, indicating that the incorporation of 15-25 mol% SrO significantly increased the
fracture toughness of the construct. Moreover, the Gic and Gyc values of the coating/substrate
system for all the six glasses significantly reduced (p < 0.05) due to degradation in de-ionized

water.
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1. Introduction

Hydroxyapatite (HA)-coated Ti6Al4V stems have been extensively employed in Total Hip
Replacement (THR) surgeries, as the HA coatings can improve the osseointegration of cementless
stems for stronger fixation with bone. However, the long-term application of HA-coated Ti6Al4V
stems is problematic, because the residual stress between the coating and the Ti6Al4V substrate
due to the mismatch in CTE can initiate cracks and even de-bond the coatings. This is driving

innovation in the bioactive borate glass coatings field.

A review of pertinent literature was performed to provide the rationale for the project. In THR
surgeries, artificial stems are implanted into the femur (femoral bone) (Section 2.1.1), influencing
the bone remodeling process (Section 2.1.2). The stems are initially fixed with bone using
Polymethyl methacrylate (PMMA) cements (Section 2.2.1-2.2.2), where successful applications
have been widely reported. However, fractures in the cement and the osteolysis associated with
the cement debris have led to the failure of the cemented stems (Section 2.2.1-2.2.2). Cementless
stems can be used to avoid such issues (Section 2.2.3) but can result in other problems. Ti6AI4V
is the most commonly used material for cementless femoral stems because of its corrosion
resistance and biocompatibility. (Section 2.2). However, aseptic loosening of the Ti6Al4V
cementless stems (Section 2.2.5) and bacterial infection (Section 2.2.6) around the stems can result

in the need for revision surgery.

In order to achieve better fixation between cementless Ti6Al4V stems and bone, HA (Section
2.5) has been applied as bioactive coatings on the Ti6Al4V stems. Nevertheless, the mismatch in

coefficient of thermal expansion (CTE) between HA and Ti6Al4V limits the long-term application



of HA coatings (Section 2.5.2). Due to their ability to facilitate bone repair, bioactive glasses can

be considered as bioactive coating materials for cementless Ti6Al4V stems.

Bioactive glasses, like all glasses, contain short-range atomic arrangements, where the glass
network formers, such as SiO> and B20Os, build up the framework, while glass network modifiers,
such as Na,O and CaO, are incorporated into the glass structure (Section 2.6) to disrupt it. In the
1960’s, Larry Hench formulated the first bioactive glass; 45Si02-24.5-Na,0-24.5Ca0O-6P20s in
wt%, 45S5 Bioglass® (Section 2.7.1). Such bioactive silicate glasses can degrade in aqueous
environments, such as body fluid, and release the dissolution products which can facilitate bone
growth (Section 2.7.2). Due to their bioactivity, silicate glasses are used as bioactive coatings for
Ti6Al4V substrates. However, the bioactivity of silicate glasses with similar CTE to that of

Ti6AI4V is impaired by large amounts (> 60 wt%) of SiO> (Section 2.7.4).

Borate-based glasses can have similar CTEs to that of Ti6Al4V. Moreover, bioactive borate
glasses can promote new bone formation; confirmed by their successful application in the
orthopedic field, such as in synthetic bone scaffolds (Section 2.8.3). Therefore, borate glasses are
promising candidates for coatingTi6Al4V stems. It has been reported that the adhesive strength
between a borate glass coating and a Ti6Al4V substrate is higher than that between Ti6Al4V and

45S5 Bioglass® or Ti6AI4V and HA (Section 2.8.4).

A novel coating material for Ti6AlI4V stems may be developed from borate-based glasses
containing different amounts of strontium (Sr) (Section 2.9). The incorporation of Sr?* can promote
bone regeneration and allow for tailoring of the glass degradation rate (Section 2.9.2). Additionally,
a new method needs to be proposed to measure the adhesion strength between the coating and the

Ti6Al4V substrate, because the commonly utilized methods, such as tensile adhesion test and



adhesion scratch test, can only measure the adhesion strength in a qualitative manner. In order to
quantitatively measure the cohesive or adhesive strength of the glass coating/Ti6Al4V substrate
system, a method inspired by fracture mechanics in which the critical energy release rate (Gic) is

measured has been employed (Section 2.11.2).



2. Literature Review

2.1. Femoral Bone

2.1.1. Bone construct

There are four categories of bones in the human body: long, short, flat and irregular bones.! The
femoral bone (femur) is a long bone.? The femur is composed of a diaphysis (which includes the
medullary cavity), and proximal and distal epiphyses. The diaphysis is primarily built up by dense
cortical (compact) bone, while the proximal and distal epiphysis, and endosteum are composed of

cancellous (trabecular or spongy) bone.? Figure 2.1 illustrates the structure of a femur.
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Figure 2.1. Anatomy of a long bone (Femur).*

Bone tissue consists of bone cells embedded in mineralized bone matrix.* The two major
nanophases of bone matrix are collagen, in fibrillary form, and hydroxyapatite (HA,

Ca10(PO4)s(OH)) in crystal form on the nano-scale.* Collagen fibrils are composed of type-I



collagen molecules, and HA nanocrystals are distributed along those fibrils.> ® The sheets of
lamellae, formed by parallel arranged collagen fibrils, wrap in concentric layers (3-8 lamellae)
around a central canal constituting an osteon, referred to as the cortical bone Haversian system

(Figure 2.2).” The lamellae also run parallel to each other in trabecular bone.® The bone cells that

lie within the bone matrix regulate bone remodeling.®
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Figure 2.2. Hierarchical structure of bone matrix.>

2.1.2. Bone remodeling

Bone remodeling replaces old bone with new bone ensuring the integrity of the bone tissue.°
It is necessary to keep the balance between bone resorption and formation, because excessive bone
loss can increase fracture risk, and excessive bone gain can be associated with illnesses, e.g.,
psoriatic arthritis and ankylosing spondylitis.'** 1> The bone remodeling cycle starts with
osteoclastic resorption, where osteoclasts erode a resorption lacuna by secreting the acid
phosphatase, isoenzyme.!® 14 The resorption period is followed by the bone formation period.t®

5



During the formation period, osteoblasts derived from mesodermal and neural crest progenitor
cells produce regulators of matrix mineralization, and transform into osteocytes embedded in the
mineralized matrix or lining cells covering the bone surface.’®® The bone remodeling cycle
completes when new bone fills the resorption lacuna.’® Figure 2.3 shows the bone remodeling

process.

ox__Osteocytes

Calcified bo;ze matrix

Figure 2.3. Bone remodeling process: osteoclasts (blue cell with black core) erode the bone
matrix, and then osteoblasts (fat blue cells with blue core) derived from mononuclear cells (green
cells) produce regulators of matrix mineralization, and transform into osteocytes (star shape
cells) embedded in the mineralized matrix or lining cells (flat blue cell) covering the bone
surface.?

In the first step of bone formation, a transcription factor, Runt-related transcription factor 2
(Runx2), facilitates the progenitor cell differentiation along the osteoblast lineage.!” ?* Runx2 is
sufficient to encourage the expression of osteoblast markers in the non-osteoblastic cell.?? Runx2
can also regulate the expression of genes encoding the activation of Receptor Activator of Nuclear
Factor Kappa-B Ligand (RANKL), and dentin matrix protein 1 (DMP1).2® Another transcription

factor required for the differentiation of pre-osteoblastic cells into mature osteoblasts is Osterix



(Osx).2 2 In addition, the development and maturation of osteoblasts are influenced by bone
morphogenetic proteins (BMPs), growth factors (FGF and IGF) and hormones like PTH.? The
fully mature osteoblasts synthesize the bone cell special products, such as Type | collagen
(Collagen 1) and alkaline phosphatase (ALP).?® The mineralization of extracellular matrix (ECM)

is initiated by the exclusive co-expression of Collagen | and ALP.2"-?°

During the bone remodeling process, some key signals produced by osteoblasts also have
impacts on osteoclasts.*® 3% 31 A member of the tumor necrosis factor-receptor (TNF-R) family,
known as RANKL, exists on the surface of osteoblast cells. RANKL can bind to another TNF-R
family member, RANK to facilitate osteoclasts formation.3> 3 A soluble protein, osteoprotegerin
(OPG), is also able to bind to RANKL and act as an antagonist of RANK.34 3> Therefore, RANKL
promotes the formation of osteoclasts inducing bone resorption, while OPG inhibits this process
enhancing bone density.® Additionally, since matured osteoclasts express proteins such as
cathepsin K and tartrate-resistant acid phosphatase (TRAP) to typify the osteoclast lineage,3"-3°
TRAP is usually described as a marker of osteoclasts differentiation and bone resorbing activity.*
Figure 2.4 presents a schematic diagram outlining the procedure of the key signals mediating the

generation of osteoblasts and osteoclasts.
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Figure 2.4. A schematic diagram outlining the signals that control the generation of osteoblast
and osteoclasts, where "+" represents positive influences and "-" represents negative influences.®

2.1.3. Osteoarthritis and total hip replacement

Osteoarthritis (OA) is a common disease resulting in progressive loss of articular cartilage.*
The main symptoms of OA of the hip are pain in the buttock, morning stiffness and dysfunction
of the joint, which limits the daily activities of the patients.** There are different treatments for OA
in its different stages. Acetaminophen is the primary treatment for mild OA.*? Joint pain was
reported to relieve when patients ingested 650-1000 mg acetaminophen up to four times per day.*?
When acetaminophen was unable to control the pain, nonsteroidal anti-inflammatory drugs
(NSAIDs) were recommended to treat moderate to severe symptoms. Opiods*® are used to relieve
pain when the patient has not responded to acetaminophen or NSAIDs. Total hip replacement
(THR) surgery should be reserved for the patient who suffers the severe pain in the hip which

cannot be controlled by other treatments.** The THR device is composed of acetabular components



and a stem which is implanted into the femur.*® Contact with the surrounding bone is through a
hydroxyapatite (HA) coating (Figure 2.5 (a)) or a bone cement, such as polymethylmethacrylate
(PMMA) (Figure 2.5 (b)). The fixation between bone and both cemented/cementless stems will be
discussed in Sections 2.2.1 and 2.2.5, respectively. The dissolution productions released from glass
coatings can influence the bone remodeling process and subsequently the fixation between bone

and the implant*®, which will be discussed in Section 2.5.

(a)

Stem Stem F
ne
S
S
Cementless Stem Cemented Stem

Figure 2.5. Fixation between bone and (a) a cementless stem though a coating, and (b) a
cemented stem through bone cement.

2.2. Femoral stems used in THR surgeries

The large demand for THR surgery is a primary driving force for innovation in this space. In
2013-2014, there were 49,503 hip replacement surgeries performed in Canada.*’ In the United
States, approximately 2.5 million people are living with an artificial hip,*® and the demand for

THR surgeries in the United States is expected to grow to ~572,000 per year by 2030%.
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2.2.1. Cemented stems
THR surgery was developed in 1938 (Figure 2.6 (a)) and was originally referred to as a side-
plated fixation method.>® The total hip arthroplasty used in this method consisted of a stainless
steel ball fixed to the femoral neck by means of a bolt and a stainless steel socket attached to the
pelvis utilizing a plate and screws.>® The application of the total hip arthroplasty was not
successful.>? Fink et al.>® reported about 40% failure of the device with pain over the side plate. In
the late 1950s, John Charnley introduced a new THR design (Figure 2.6 (b)), consisting of a small-

diameter metallic femoral head articulating with a polymeric acetabular cup, and

54-56

polymethylmethacrylate (PMMA) bone cement to fix the implant to bone.

Figure 2.6. Early model of an artificial hip joint in (a) 1938°° and (b) between 1956-1969.%’

2.2.1.1. Polymethylmethacrylate bone cement

Since its introduction over 40 years ago, the use of PMMA for femoral stem fixation has been
the “gold standard”®® in THR surgery.%® 5° % The commercial PMMA usually consists of powder

components, containing pre-polymerized beads of PMMA (or PMMA/styrene copolymer), and a

10



liquid containing MMA monomer. The benzoyl peroxide (BPO) initiator is incorporated into the
powder and a chemical activator, such as dimethyl-p-toluidine (DMPT), is incorporated into the
liquid.®* Barium sulphate (BaSOA4) is also incorporated in the powder components as a radiopague
filler. When the powder and liquid components are mixed, polymerization of PMMA starts with a
free radical polymerization process between BPO and DMPT (Figure 2.7 (a)), in which the phenyl
radical (activated initiator) forms. Then the activated initiator initiates the polymerization of MMA
(Figure 2.7 (b)). The PMMA chains grow by encapsulating the pre-polymerized PMMA beads
within a solid matrix, resulting in increased viscosity of the cement. Compositions of three

commercial formulations® of PMMA bone cement are collated in Table 2.1.
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Figure 2.7. Polymerization of PMMA:(a) a free radical polymerization process between BPO and
DMPT, (b) the polymerization of MMA and growth of PMMA chains .53
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Table 2.1. Compositions of three commercial formulations of bone cement, where compositions
are in percent.®?

Constituent CMWT™-1 CMWT™-3 Simplex P
Powder
BPO 2.60 2.20 1.19
BaSOq 9.10 10.00 10.0
PMMA 88.30 87.8 16.55
P(MMA/ST) 82.26
Liguid Monomer
N, N-DMPT 0.40 0.99 2.48
Hydroquinone 15-20 ppm 15-20 ppm 75 ppm
MMA 98.66 98.07 97.51
Ethanol 0.92 0.92
Ascorbic acid 0.02 0.02

During THR, bone cement is injected into the dried femoral canal; then the cement is
pressurized with a latex wedge.®* ® Peroxide cleavage and polymerization begin when the two
components of the cement are mixed.®! The pressurization of cement into trabecular bone results
in a mechanical interlock between bone and cement to provide initial fixation for the implant.>2 ¢
o7 After that, the stem is introduced and augmented by axial pressure.? The stem is held in place
and the polymerization of the cement continues?, during which the viscosity of the cement
increases and the growing polymer chains encapsulate the pre-polymerised PMMA beads within
a solid matrix®. Cement-implant fixation is either achieved by selecting an implant texture which
enables a mechanical interlock with the cement, or by employing an implant with geometry
maintaining stability.%® Therefore, PMMA acts as a space-filler creating a tight space to hold the
implant against the bone, and creates a large area of contact between the implant device and bone

to distribute the load as widely as possible (Figure 2.8).%% 7
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(b)

Figure 2.8. (a) Photograph by oblique illumination to reveal the large surface area of the cement
in contact with the bone, (b) Radiograph presenting prosthesis fixed by cement.”*

2.2.1.2. Applications of cemented stems

The success of PMMA fixation for cemented femoral stems has been widely reported. Berry et
al.”2 implanted cemented consecutive primary Charnley total hip arthroplasties into 1689 patients.
After 25 years, among the 461 alive patients, the survivorship for aseptic loosening free of
component removal or revision was about 90%.? Rasquinha et al.” implanted cemented Omnifit
(Osteonics, Allendale, NJ) stems into 275 patients; average age 70. After 12 years of the operations,
among 198 living patients, the survivorship, free of revision, was approximately 95%. In a clinical
study by Kavanagh et al.”, Charnley (Thackray, UK) total hip device implantations were
performed for 300 patients, and 112 patients were living after 20 years of implantation. It was
recorded that 84% of the hip devices functioned well without revision, and 76% of the remain

patients could walk without difficulty.

2.2.1.3. Disadvantages of PMMA cement

Despite its widespread use, PMMA cement cannot be considered a perfect fixation material for

artificial metallic stems. One of the issues of PMMA is the high exothermic temperature (between
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67 and 124 °C in vivo®?) which can cause thermal necrosis of bone and predisposition to membrane
formation at the bone-cement interface.” The high exothermic temperature can also damage
collagen, because collagen protein molecules are denatured at 45 °C and become irreversibly
damaged at 60 °C.”® Furthermore, after implantation, fractures can occur on the cement-prothesis
interface and within the cement itself.”” Jasty et al.”® studied 16 femora retrieved post-mortem from
patients who had cemented THRs placed from two weeks to 17 years. Debonding of the cement
and the implant occurred in two hips retrieved at 118 and 156 months, and the debonding for the
other 14 femora was observed on the proximal anterior surface. Additionally, they found fractures
in the cement mantle itself around all prostheses which had been in use for more than three years.”
The fracture through the cement mantle originating at the cement-prosthesis interface (Figure 2.9
(a)) and fractures through the cement mantle coupled with migration of the prosthesis (Figure 2.9
(b)) were both observed.”® The debonded stem-cement interfaces for total hip implants were also

reported by Nuno et al.®® and Harrigan et al.”.

Figure 2.9. Scanning electronic micrograph showing: (a) fractures through the cement mantle
(small black arrows) initiating at the cement-metal interface (hollow arrows) and (b) the
prosthesis had migrated into retroversion where the black arrows indicate the cement fractures.”
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Furthermore, wear particles resulting from the breakdown of PMMA during debonding from
the implant can favor bone resorption by osteoclasts, i.e., osteolysis.2® When the cement particles
appear around the implant, macrophages in the tissue will respond to the particles by releasing the
inflammatory cytokines, such as interleukin (IL)-6 and tumor necrosis factor o (TNF-a). IL-6 is a
multifunctional cytokine produced by osteoclasts in response to bone-resorbing agents.®% 8 TNF-
a can stimulate the activation and differentiation of osteoclasts to increase the amount of bone
resorption.® 8 PMMA particles (5 to 10 pm) were reported to induce the release of interleukin
(IL)-6%% 8 and tumor necrosis factor oo (TNF-a)®” in vitro. Therefore, the PMMA particles can

cause the failure of the stems due to the osteolysis.®®
2.2.2. Cementless stems

In order to alleviate the cement issues, un-cemented stems were fabricated to provide adequate
initial stability and promote osteointegration® between bone and the implant. The three most

common designs of cementless stems are cylindrical, anatomic, and tapered stems (Figure 2.10).

@ ¥ (b)

Figure 2.10. Images of (a) cylindrical stem®, (b) anatomic stem®, and (c) tapered stem®?,
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Early designs of un-cemented stems were porous-coated.’? Lakstein et al.®® reported 94%
survivorship in a 10-year follow-up clinical study with application of a porous-coated cylindrical
cobalt-chromium stem (ZMR®), where 4 of the 69 follow-up patients experienced revisions.
However, cylindrical stems are usually associated with proximal stress-shielding and thigh pain
which can be a result of stem retroversion® due to the combined force of gravity and muscle
action.% °® The anatomic stems performed poorly with a high prevalence (up to 28%) of thigh
pain.®” % Two designs of tapered stems commonly used in routine cases are tapered round and
tapered rectangle stems.®® It was reported that approximately 90% of the follow-up patients
implanted with tapered round stems did not experience the implant removal or revisions after 20
years.1% 101 The tapered rectangle stems have been widely used in Europe, for which 92% of

survivorship after 15 years'® and 95% of survivorship after 18 years'® have been documented.

2.3. Ti6Al4V cementless femoral stem

2.3.1. Application of Ti6Al4V cementless stems

Titanium-aluminum-vanadium alloy (Ti6Al4V) is commonly used in cementless femoral stem
designs.®® The tensile strength of Ti6AI4V (900 MPa)? is higher than that of 316L stainless steel
(316L-SS) (635 MPa)*%4, while its density is 55% less than that of 316L-SS'%. Furthermore, it has
good corrosion resistance and biocompatibility?®-1%  defined as “the ability of a material to
perform with an appropriate host response in a specific situation”.1% In terms of biocompatibility,
materials for long-term implantable medical devices, such as femoral stems, are required to

minimize the release of corrosion products and wear debris to diminish the tissue inflammatory or
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immune response to them.*'° Titanium is a relatively bio-inert material in the human body because

it forms a very stable passive layer of TiOz on its surface':

Ti+2H,0 > TiO, +4H" +4e” Equation 2.1.

The TiO; film protects titanium and titanium alloys from corrosion.? It has been indicated that

Ti and its alloys have better biocompatibility than 316 L-SS and Co-Cr alloys, 10 107 112

Flexural rigidity of a material influences its suitability as a femoral stem, because the mismatch
in flexural rigidity between bone and stem is the most likely cause of thigh pain.t*3 Flexural rigidity
has a proportional correlation with the elastic modulus of the component.** 11> Compared with
Co-Cr alloy and 316 L-SS, the elastic modulus of Ti6AI4V is closer to that of bone (Table 2.2),
indicative of having lower flexural rigidity. Clinical research by Khanuja et al. reported that thigh
pain caused by Co-Cr alloy stems was two to four times greater in magnitude than that induced by

titanium alloy stems. 6

Table 2.2. Elastic modulus of 316 L-SS, Co-Cr, Ti6Al4V and bone. 06 117

Material 316 L-SS  Co-Cr Ti-6Al-4V  Cortical Bone
Elastic modulus (GPa) 193 240 112 4.4-28.8

The successful application of Ti6AI4V total hip prostheses has been widely reported.® 119
Meding et al. followed up 42 hips implanted with un-cemented Ti6Al4V stems (Bi-Metric; Biomet,
Inc, Warsaw, IN) for 15 years, and the survivability of the stems, with respect to revisions, was
greater than 99%.'2° McLaughlin et al.*?! reported 94% survivorship of un-cemented Ti6AI4V

stems (Taperloc) in a 26-year follow-up study, where only 3 of the 47 remaining patients received
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revisions. However, the failures of Ti6Al4V stems caused by aseptic loosening also occurred,*??

124 123

where stem revision due to aseptic loosening was 10%"<° only after 5-years implantation.

2.3.2. Aseptic loosening of cementless Ti6AI4V stems

The initial (or primary) fixation of un-cemented stems is obtained by press-fitting a slightly
oversized stem and secondary (or long-term) fixation is achieved through bone ingrowth!?, where
new bone grows insides a porous, or onto a roughened, surface.'?® Primary fixation is critical to
achieving long-term fixation, because micro-motion between bone and implant due to poor initial
fixation can induce fibrous bone tissue formation onto the implant surface instead of mature bone,
resulting in inadequate bone growth.'?- 128 Fyrthermore, bone remodeling occurs around the stem
as a consequence of bone adaption to the stress change.'?® The implanted stem shares the external
loads with the bone, which leads to the reduction of stress carried by bone itself. The external loads
are borne by the femur only before implantation. Subsequently, the bone adapts itself to the
reduction of stress by reducing its mass, which deteriorates the long-term fixation of the cementless
stems.23% 131 Bone resorption around the implanted stem can be as high as 50% after 4 to 7 post-
operative years.!32 13 The bone quality of the patients also has an impact on bone ingrowth. Shibli
et al.13* reported that the mean bone-to-implant contact for the osteoporotic patients was about 70%

of that for patients without osteoporosis after four years.

Additionally, aseptic loosening of un-cemented stems has a correlation with excessive
motion.*3® The magnitude of the relative micro-motion between bone and the implant depends on
the extent of the applied force.**® In other words, the patients' physical movements can affect the
long-term fixation of the stems.**® The micro-motion between the implant and bone has also been

reported to prevent bony ingrowth resulting in the development of a fibrous tissue membrane,**"
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138 and to accelerate the release of particle debris from the acetabular components.'®® The particle

debris can induce bone resorption and then the failure of the implant (Section 2.2.4).

2.4. Bacterial infection around THR

Alongside aseptic loosening, periprosthetic joint infection (PJI) is another important factor
causing the failure of THR.14% 141 A study by Mahomed et al.}*? regarding an early failure in THR,
indicated that the deep infection caused up to one-quarter of early revisions of the cementless stems.
It has also been reported that 0.2%* and 1.2%'* of THR revisions were induced by deep infection
during the first six, postoperative months. Usually, removal of the implant is required to treat the

infection, and replacement of the implant is necessary after healing.'*®

It has been demonstrated that Staphylococcus aureus (S. aureus) is the major pathogen in
metallic implant infections.**® 147 S, aureus is a typical Gram-positive bacterium®*® with a thick
peptidoglycan cell wall providing better resistance to the antibacterial agent than Gram-negative
bacteria.**® Humans usually coexist with S. aureus where it inhabits their skin.*>® The dermis can
exhibit antibacterial activity via bioactive molecules such as antimicrobial peptides (AMPs)*5% 152,
However, during THR surgery, bacteria breach the natural barriers of the dermis becoming
pathogens.>® Bacteria originally enter the human body to initiate local-inflammation generally in
the planktonic, or free-floating, state.>® After entry, bacteria will adhere to the implant surface.>*
Subsequently, bacteria will transfer from the planktonic state to a sessile, surface-attached biofilm
community. Then the biofilm can disassemble through both mechanical and active processes once

it is fully developed (Figure 2.11).1%°
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Figure 2.11. Schematic drawing presenting salient features of biofilm formation in a
staphylococcal biofilm model. The blue boxes show the primary process in biofilm formation,
the orange boxes present the chemical environment, and the red-brown boxes indicate the
phenotype. EPS represents extracellular polymeric substances.*>

The adhesion process of bacteria is mediated by specific proteins, autolysins'®® and microbial
surface components recognizing adhesive matrix molecules (MSCRAMMSs)¥®,  The
autolysin/adhesion protein in S. aureus is AtlA, a 137 kDa protein.’®” The MSCRAMNMs protein
family can assist the bacteria to bind to a variety of extracellular matrix proteins. S. aureus has
more than 20 genes encoding the first adhesion.**® After adhesion to a surface, the second step is
intercellular adhesion with the growth and the colonization of bacteria, during which S. aureus
also releases toxic factors to the host.®>” A tightly regulated system of communication, termed
quorum sensing, was found to help organize the overall growth of the colony, coordinate biofilm
formation, and control virulence factors such as MSCRAMMs. 8 15° Sybsequently, bacteria will
become embedded in a matrix consisting of polysaccharides, extracellular DNA (eDNA) and

proteins to form a biofilm (Figure 2.12).1%°
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Figure 2.12. Bacterial attachment and fixation to biomaterials surface by a bacterial active
process: Biofilm formation through (a) exopolysaccharide production, (b) release of eDNA, (c)
protein factors.*6°

Poly-N-acetyl glucosamine (PNAG) is a surface polysaccharide in S. aureus which has effects
on the intercellular adhesion.'®% 1% Thus, PNAG has been shown to play a critical role in biofilm
infection using in vivo animal models.22 162 The autolytic activity from a subpopulation of cells
leads to the release of eDNA during biofilm maturation. The release of eDNA performs a structural
function in the S. aureus biofilm matrix, and plays an important role in gene transfer mechanisms
to facilitate both cell-cell and cell-surface interactions.% %4 As a major biofilm matrix component,
proteins, such as the fibronectin binding proteins, SasG and biofilm-associated protein (BAP), are
as well as able to assist the cell-cell and cell-surface interaction.®® Beta toxin, a special protein in
S. aureus, can bind to eDNA and form covalent crosslinks with itself to promote the biofilm

formation.> 1% Bacteria embedded in biofilms are capable of resisting antibiotics, disinfectants
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and other armories of inflammatory defense systems of the host.!®”10 Therefore, biofilm

contributes to chronic infection after implantation.4

2.5. Hydroxyapatite coating for Ti6Al4V stems

The failure of Ti6AI4V cementless stems was primarily caused by aseptic loosening (Section
2.3.2) and bacterial infections (Section 2.3.3). Therefore, HA and silver (Ag)-containing HA have
been used as coating materials for Ti6AI4V implants to improve the implant fixation and infection

prophylaxis.t’t 172

2.5.1. Osseointegration of HA coated Ti6Al4V stems

HA is chemically similar to the apatite of natural bone (Section 2.2.1), providing a substrate for
bone cells to attach and proliferate.”>17® In in vivo studies by Oonishi et al.'® and Poser et al. 8,
new bone was observed growing toward the HA-coated implant, promoting chemical bonding
between bone and the implant.t’ 17® Therefore, HA coating was expected to improve the fixation
between the stem and bone, i.e., osseointegration, defined as “direct contact between living bone

and implant™!’’,

The plasma spraying technique is most commonly used to coat HA onto a Ti6Al4V substrate,
during which the HA powders are melted by the heat of ionized inert gas (plasma) and then sprayed

onto the Ti6AI4V surface.!’® The chemical reaction between titanium alloy substrate and HA is'™®:

(n+1)Ca,(PO,),(OH), +nTiO, —*<—nCaTiO, + (n-1)Ca, (PO,),(OH), +3nCa,,(PO,), + nH,O
Equation 2.2.
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HA coatings are usually highly (> 80%) crystalline!’®, because amorphous HA degrades quickly
in the physiological environment leading to the degradation of the coating and loss of adhesive
strength between the coating and substrate.8% 181 Commercially, HA is proximally or entirely

coated onto the metallic stems, as shown in Figure 2.13 (a) and (b), respectively.

(2) (b)

Figure 2.13. HA-coated stems: (a) ABG-1 stem made of Ti6Al4V and proximally coated with
HA®2 and (b) Corail® femoral stem made of Ti6AI4V and fully coated with HA8,

Scott et al.™* reported that femoral bone mineral density (BMD) after 7-year implantation of
HA-coated Ti6AIl4V stems (Omnifit, Osteonics, Allendale, NJ) was up to 36% greater than that of
porous-coated cobalt-chrome stems (Omnifit, Osteonics), which indicated better osseointegration
of the HA-coated stems. A study by Coathup et al.3 also revealed good osseointegration of the
HA coating. They investigated the implant-bone interface around porous-Ti-coated and HA-coated
Bimetric stems (Biomet, Bridgend, UK) collected at postmortem, and found that mean bone in-
growth to the HA surface (29.093 + 2.019 %) was greater than that to the Ti surface (21.762 *
2.068 %). Additionally, Herrera et al.'® reported that ABG | stems (Stryker) (Figure 2.13 (a))

survival at 10-year follow-up was 97.1% among the remaining patients. The ABG | implant was
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made of Ti6Al4V, and the HA coating was applied through a plasma spraying process with a

thickness of 50 um, at 80% crystallinity after the manufacturing process.

2.5.2. Antibacterial effects of Ag-HA coated Ti6Al4V implants

In order to reduce infections and improve the long-term application of the implants, Ag, as an
antibacterial substance, has been incorporated into HA coatings.'®°18 Few clinical studies have
reported that Ag-HA-coated Ti6AI4V stems decrease infection rates, but Ag-containing HA
coatings were reported to inhibit S. aureus growth in vitro.’®187 Chen et al.'®® used the co-
sputtered technique to coat Ag-containing (2.05 + 0.55 wt%) HA on titanium discs (¢13x0.5mm).
In the antimicrobial test, the coated and uncoated discs were placed into sterilized tubes containing
2 ml bacterial (Cowan I strain S. aureus) suspension. After 3-hours incubation at 37 °C, the discs
were rinsed with PBS. Subsequently, the discs were put into new tubes containing 5 ml PBS, and
then the tubes were vigorously vortexed to remove any adhering bacteria. The bacteria in PBS
were counted by plating serial dilutions on THY agar plate after 24-hours incubation at 37 °C. It
was revealed that the total colony-forming unit (CFU) on Ag-containing HA-coated discs surface
was only ~ 20% of that on uncoated discs surface, indicating the excellent antibacterial effect of
the Ag-containing HA coating. Ag" released from the coating into bacterial culture contributed to
the inhibitory effect on S. aureus.’®%187 Feng et al.1*® reported that Ag* penetrated the cell wall of
S. aureus to turn DNA into a condensed form to lose its replicating ability. Ag* also combined

with thiol groups to deactivate the protein to inhibit the bacteria proliferation,148- 18
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2.5.3. Residual stress in HA coatings on Ti6Al4V substrates

Despite the successful records of HA-coated Ti6Al4V stems application, their long-term
application is still under debate.®? Significant loss of the HA on continuously loaded implants has
been demonstrated in vivo;1*° Overgaard'® used a plasma-spraying technique to coat HA onto the
surface of Ti6AI4V implants and implanted the coated devices into dogs. 58-70% reduction in the
thicknesses of HA coatings was found after 25 weeks of stable weight-bearing. Cracking in the
HA coatings themselves and fractures between the HA coatings and Ti6Al4V substrates were
observed after implantation times of as short as eight weeks (Figure 2.14. (a)) and as long as 72

weeks (Figure 2.14. (b)) in vivo.19+193

Ti6Al4V
Substrate Nt

Figure 2.14. SEM images of HA-coated Ti6AI4V implants implanted into (a) rabbits after 8
weeks?%? and (b) dogs after 72weeks!® in vivo, where the cracks on the HA coatings and the
interface between the coatings and the substrates (black arrow) can be observed.

The primary reason for the cracks in the HA coatings and fractures between HA coatings and
Ti6AI4V substrates is the residual stress due to the mismatch in CTE of HA (11.5 x10°8/°C) 19419
and Ti6Al4V (9.5 x10°%/°C) 1%, which can induce micro-cracking, thus initiating the debonding of

the coating from the substrate. 9% 19197
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Zhang et al.'®® coated pure HA and fluoridated hydroxyapatite (FHA) onto Ti6AI4V substrates,
and calculated the residual stress in the coatings due to the mismatch in CTEs using the following
equation:

. __ ATAaE,
res T (1_VS)

Equation 2.3.

where

AT: difference between the coating temperature and room temperature,
Ao difference of CTE between the coating and the substrate,

vs: Poisson’s ratio of Ti6Al4V (0.34),

Ec: Young’s modulus of the coating.

Based on Eqg. (2.3), the residual stress in the coating is proportional to the difference in CTE
between the coating and the substrate. Zhang et al.®® reported the residual stress in the HA coating
(~227 MPa) was higher than that in the FHA coating (~77 MPa), because the CTE of FHA (9.1 x
10%/°C) was closer to that of Ti6AI4V (8.9 x 10°%/°C, in this reference'®®). Moreover, since the
CTEs of HA and HFA were higher than that of Ti6Al4V, the residual stresses in HA and FHA
coatings were positive (tensile).1® The residual tensile stress in the coating can be relieved, in part,
by cracking of the coating.?® Therefore, the residual stresses generated by the CTE mismatch can
induce microscopic cracks in the HA coating on the Ti6AIl4V substrate even without implantation

(Figure 2.15).201
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Figure 2.15. SEM micrographs of the surface and the HA coating onto Ti6Al4V alloy
substrate.?

Bioactive silicate (Section 2.7.4) and borate (Section 2.8.4) glasses have also been applied as
bioactive coating materials for Ti6Al4V substrates because silicate and borate glasses can have
very similar CTEs to that of Ti6Al4V to reduce residual stress in the coatings and can improve
osseointegration of the coated implant. Before discussing the silicate glass coatings, an overview
of glass structure and the fundamentals of bioactive glasses will be introduced in Section 2.6 and

Section 2.7, respectively.

2.6. Definition and structure of Glass

2.6.1. Definition of glass

All glasses have two common characteristics: random short-range atomic arrangements in the
structure?°? 293 and time-dependent glass transformation behavior?®* 205, Therefore, a glass can be

defined as “an amorphous solid without long range, periodic atomic structure, and exhibiting a
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region of glass transformation behavior”.2% The transformation behavior can be described based

/

on enthalpy versus temperature diagrams (Figure 2.16).

Enthalpy ———»

1 T)
Fast "
Temperature ——————»

Figure 2.16. Effect of temperature on the enthalpy of a glass forming melt.2%

In this process, a small volume of liquid above the melting temperature is cooled down with the
atomic structure of the liquid changing gradually, and the crystalline state occurring below the
melting point.2%>297 Crystallization of a fluid initiates with “nucleation”, the formation of
crystallization centers (nuclei), resulting in a sharp decrease in enthalpy.?%-2'° The crystallization
completes by the growth of these nuclei at the expense of the fluid, during which enthalpy
decreases gradually. 2°% 2! The nucleation strongly depends on the cooling rate. If the liquid is

cooled fast enough, nucleation cannot occur.?%® Subsequently, the viscosity of the liquid increases
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with decreasing temperature and eventually keeps the atoms from rearranging to form the
equilibrium liquid structure.?% 212 In the end, the viscosity of the liquid becomes stable to form
the frozen solid, i.e. glass.?% 213 The temperature region between the equilibrium liquid and that
of glass is the glass transformation region.?°”- 214 Usually, a certain set temperature, Tg, is used to
describe the glass transformation ( transition), temperature.?°® The enthalpy of glass is higher than
that of crystal, because, compared with crystalline phase with periodic long-range arrangements,

glass has a more discorded structure with random short-range arrangements.?*>2%/

2.6.2. Structure of glass

The most common theory used to describe glass structures, the random network theory?*8, is

based on the original ideas of Zachariasen,?%® 2'° whose rules for glass formation are summarized

in Table 2.3.
Table 2.3. Zachariasen’s rules for glass formation.?!°
Rules for glass formation in simple oxides Modified rules for complex glasses

1. Each oxygen atom is linked to no more 1. The sample must contain a high

than two cations percentage of network cations which are
surrounded by oxygen tetrahedra or
triangles

2. The oxygen coordination number of the 2. The tetrahedra or triangles share only

network cation is small: 3 or 4 corners with each other

3. Oxygen polyhedral share only corners 3. Some oxygens are lined only to two

and not edges or faces network cations and do not form further

bonds with any other cations.

4. At least three corners of each oxygen
polyhedron must be shared to form a 3-D
network.
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The random network structure rules of Zachariasen were used to describe the structure of
vitreous silica, also referred as silicon dioxide (Si02).22% 22! The basic building block of the SiO;
glass network is the silicon-oxygen tetrahedron with a co-ordination number of four, which is in
accord with the second rule for glass formation in simple oxides. These tetrahedra are linked at all
four corners to form a continuous, three-dimensional (3D) network, as required by rules three and
four. The 3D network of silica is presented in Figure 2.17, where, apparently, no oxygen atom is

linked to more than two cations.

Figure 2.17. The three-dimensional structure of silica, where silica tetrahedra bond together in a
random arrangement. A silica tetrahedron consists a silicon atom (blue) surrounded by four
oxygen atoms (black outline).

The silicon-oxygen tetrahedron, or SiO», which constitutes the framework of the silicate glass

is termed as “glass network former” 220 222:223 Besides SiO,, P.Os and B20s are both common glass
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network formers.?2%-226 Moreover, there can be more than one network former in a glass structure.
Figure 2.18 illustrates the structural fragment of a B2O3—SiO2>—P205—Na,O—CaO glass, where the

B20s, SiO; and P.Os are all glass network formers.??’

Figure 2.18. The structural fragment of B203-SiO>—P>0s—Na,0—CaO glass.??’

Apart from the glass network formers, a glass can contain other components, such as alkali
oxides and alkali earth oxides, which can modify and disrupt the glass network.??® For example,
in silicate glasses containing alkali or alkali earth oxides, the oxygen atoms are no longer fully
bonded to two silicon atoms and are defined as non-bridging oxygen atoms (NBOs). The network
of silicon-oxygen tetrahedra (Figure 2.17) is broken in connectivity by the formation of NBOs.
Therefore, the components deconstructing the glass network are called “glass network
modifiers”.?2% 230 Each NBO is associated with a nearby modifier ion to maintain the neutral local

charge. The modifier ions occupy the interstices. Usually, the abundance of different Qn species
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are used to characterize the distribution of NBOs over the tetrahedral structure units, where n refers
to the number of bridging oxygen (BO) atoms surrounding the tetrahedron.?®-23 Figure 2.19

shows the conversion of Qs tetrahedron to Qs tetrahedron induced by a Na,O.*

O
=¥ «Q @

Q,

®s O ™
O o @ nNBo

Figure 2.19. The conversion of Q4 tetrahedron to Qs tetrahedron introduced by a NazO.

Another way to describe structural modification is regarding network connectivity (NC) which
indicates the average number of NBOs on each tetrahedron.?* 2% NC can be calculated using the

following equation:

BO - NBO
_'__

NC =2 Equation 2.4.

where
BO: total number of bridging oxygens per network-forming ion,
NBO: total number of non-bridging oxygens per network modifier ion,

G: the total number of glass-forming units.
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Taking SiO2-Na;O-CaO as an example, NC can be calculated as:

2x8i0, - (2x Na,0 +2xCa0)
+
Sio,

NC =2 Equation 2.5.

However, NC cannot be discussed solely in terms of the amount of glass network modifiers.
The coordination of the network cations is also critical to determine the connectivity of the glass
network. Borate-based glasses are a good example. The addition of small amounts of modifiers to
these glasses convert boron ions from three-fold to four-fold coordination without formation of

NBOs, which increases NC.3% 27 This phenomenon will be elaborated on in Section 2.8.1.

2.7. Bioactive glasses

2.7.1. The fundamentals of bioactive glasses

In the 1960s, Larry Hench created a silicate glass (45.0 SiO2-24.5 Na,0O-24.5 Ca0-6.0 P20Os, in
wit%), which was known as 45S5 bioactive glass or Bioglass®.2® Bioglass® was the first material
discovered to form a direct chemical bond?*® with bone, i.e. mature lamellar bone?*° forms on the
bone-glass interface, a phenomena known as ‘bioactivity”.?3® 241 Figure 2.20 presents the
relationship between the compositions and bone-bonding bioactivity of SiO2-Na>O-CaO-P20s

bioactive glasses.
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A: Bone Bonding

B: Non-bonding (reactivity too low)
C: Non-bonding (reactivity too high)
D: Non-bonding (no glass forming)
S: Soft tissue bonding

E: Bioglass® compositon

Si0,

CaO Na20
All at 6 wt% P,054

Figure 2.20. Bioactivity map of compositions in the SiO2-Na>O-CaO system (6 wt% of P20s)
showing regions of bioactive response.?*?

The glasses in region A bond to bone. Glasses in region B, such as window and container glasses,
are effectively bio-inert.?*? These glasses contain a high percentage of SiO2 resulting in a high
density of the silica network resisting reaction with body fluid. Consequently, these glasses are not
able to stimulate bone cells to form new bone.?% 23 Glasses with low silica but high soda contents
that significantly disrupt the glass network?** are found in region C. These glasses react with the
body fluid too aggressively to facilitate new bone growth.?*? 2% Region D contains glass
compositions with very low SiO content where a glass network cannot form.?#? 4555 Bioglass®

falls in the regions A and E, where the glasses are capable of strongly adhering to bone.245-24
2.7.2. Degradation and bioactivity of bioactive glasses

Bioactive glasses have been widely applied in the orthopedic field,?*% 248-250 pecause they can

repair bone tissue repair through osteoconduction and osteostimulation processes as a consequence
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of rapid reactions between the glass and the body fluid.?* 252 There is a sequence of eleven reaction
stages that occur at the surface of bioactive glass when it reacts with an aqueous environment.?%
The first five stages involving in HA formation after the accumulation of dissolution products are

summarized in Table 2.4:

Table 2.4. The process of HA formation after bioactive glasses degradation in liquid.?*®

1. Rapid cation exchange of Na* with H" from the solution creates (Si-OH) on the glass surface:
Si-O-Na"+H"+0H - Si-OH" +Na"(ag.)+ OH -
during which the pH of the solution increases and a silica-rich layer forms near the glass surface.

2. OH" coming from high-pH solution breaks Si-O bonds in the silica glass network to form

more Si-OH (silanols) at the glass-solution interface:

Si—0—Si+H,0 - Si—OH +OH —Si

3. Formation of a SiO»-rich layer on the glass surface:

7 1 T 9
i I I
O0—8i—OH + 0 —Si—OH —— 0 —Si—0—Si—0 + H,0

o 0] 0 (0]

4. The modifier cations, such as Ca?*, Zn?*, Sr?*, and PO, migrate from the glass bulk toward
the surface. Ca?" and PO+ and incorporate with Ca?* and PO43 from the solution to form an
amorphous CaO-P20s-rich layer.

5. Crystallization of the amorphous CaO-P20s layer to HA layer by incorporation of OH™ and

COs? from solution.

The HA layer provides a surface for bone cells to attach and proliferate.?>* The phenomenon
where bone grows on a surface is termed “osteoconduction”.?>® 2 After these first five stages, the
reaction layers enhance the adsorption and desorption of growth factors (stage 6) and greatly

decrease the length of time to prepare the implant sites for bone tissue repair (stage 7).2%% 2%
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Osteoprogenitor cells colonize on the bioactive glass surface within 24-48 hours and start
producing various growth factors to stimulate cell division and the production of extracellular
matrix proteins (stage 10) after the attachment of stem cells (stage 8) and synchronized
proliferation and differentiation of these cells into osteoblasts (stage 9).2°! The final stage (stage
11) is the mineralization of the bone matrix occurring 6-12 days.?>* 27 The dissolution products
of bioactive glasses, such as Ca?*, Zn?*, and Sr?* can facilitate these processes. Ca?* (2-8 mM) was
reported to increase osteoblast proliferation by enhancing the expression of growth factors, e.g.
IGF-I and IGF-1I in vitro.?%®-2% |t has been revealed that Zn?* favored the differentiation of pre-
osteoblastic cells into mature osteoblasts by stimulating the expression of Runx22%* and increased
the expression of Collagen | and ALP which initiate the mineralization of bone matrix 2% 2 in
vitro. Sr?* has been confirmed to be beneficial to new bone growth because, like Zn?*, it can
stimulate the expression of Runx2, collagen | and ALP in vitro.?6326¢ The phenomenon that
primitive, undifferentiated and pluripotent cells are stimulated to develop into the bone-forming

cell lineage is referred as “osteoinduction”.?%% 2%

2.7.3. Applications of bioactive glasses

Bioactive glasses have been applied in orthopedic surgeries due to their excellent bioactivity.
The first commercial Bioglass® product was “Bioglass Ossicular Reconstruction Prosthesis”
(MEP®) (American Biomaterials Corp, Princeton, NJ, USA)%’, and it is used to treat conductive
hearing loss by substituting for the middle ear bone.?*® The 45S5 Bioglass® middle ear prosthesis,
once cast into shape, could conduct sound from the tympanic membrane to the cochlea.?®” A 10-
year follow-up study by Rust et al.?%8 on such MEPs recorded that 4 out of 21 applications of MEP®

failed because parts of the fractured prostheses extruded, while the others retained function. The
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second commercial 45S5 Bioglass® device, Endosseous Ridge Maintenance Implant (ERMI®)
(University of Florida, Gainesville, FL, USA)?®°, was applied to repair tooth roots and provide

stable bridges for dentures by being inserted into fresh tooth extraction sites.?%® 27

In 1993, PerioGlas® made of 45S5 Bioglass® granules (90-710 pm) was developed as a
synthetic bone graft to repair jaw defects.?’! 22 Studies have indicated that intrabony defects and
osseous defects, treated with PerioGlas®, were filled with over 70% new bone, while new bone

filling was only about 35% for the controls which were treated with surgical debridement only.?"*

275

45S5 Bioglass® is not the only bioactive glass on the market. BonAlive® (Figure 2.21), S5P5
bioactive glass (53.0 Si0»-20.0 Ca0-23.0 Na20-4.0 P20s in wt%) particles with size 500-800 pm,

was also commercialized as a bone graft substitute in 2006.%

BonAlive’

granules

Figure 2.21. BonAlive® (Meditech, MA, US), S5P5 bioactive glass particles (500-800 pum),
stored in a syringe.

BonAlive® was utilized to treat defects in frontal sinuses. Peltola et al.2”” used BonAlive® as an

obliteration material in osteoplastic frontal sinus operations on 42 patients, where 39 patients
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underwent accurate obliteration of sinuses, and the bone produced by BonAlive® was proven by
Fourier-transform infrared (FTIR) to be similar to natural frontal bone. Furthermore, BonAlive®
has been applied in the treatment of osteomyelitis.?’® 2’® Lindfors et al.?’® treated chronic
osteomyelitis in the lower extremities and the spine of 11 patients by filling the cavitary bone
defect and the surrounding spine with BonAlive®. It was found to be well incorporated into the

bone and the bone cavity healed well with through new bone formation.

2.7.4. Bioactive silicate glass/glass-ceramic coatings for Ti6Al4V implants

Due to the ability to facilitate new bone formation (Section 2.7.2 and 2.7.3), silicate
glasses/glass-ceramics have also been considered as bioactive coatings for Ti6AI4V implants.?®
Wheeler et al.*® applied a plasma spray coating technique to coat Bioglass® and HA onto
cylindrical Ti6Al4V intramedullary distal femoral implants, and they subsequently implanted the
coated implants into rabbits. Bone ingrowth after 12 and 16 weeks for the 45S5-coated implants
(~ 25%) was significantly higher than that (~ 14%) for the HA-coated implants, which indicated
the 45S5 glass coating better promoted the osseointegration of the Ti6Al4V implants.*® However,
the CTE of Bioglass® is higher than that of Ti6Al4V (Table 2.5) and the adhesion strength between
the 45S5 glass coating and the Ti6AI4V substrate was not measured in the study.*®

Table 2.5. Available data in the literature on the CTE of bioactive glasses. For each glass, the
composition (in wt%), the CTE and the reference are indicated.?!

Code Si0, Na;0 CaO P;0s MgO K:O AlL,Os B,Os CTE (x10%/°C)
45S5 Bioglass® 45 245 245 6 15.1
6P68 67.7 83 10.1 6 5.7 2.2 8.8
B18%62 6.0 119 301 22 55 44.3 10.1
H12282 7.5 80 400 25 2.0 40.0 9.7
HA194, 195 115
Ti6Al4\/19 9.5

39



Brow et al.?®2 reported that the adhesion strength between the 45S5 coating and Ti6AI4V
substrate was only approximately 7.5 MPa, and between a borate glass (40 CaO-8 Na,O-40 B,Os-
7.5 Si02-2 Al,03-2.5 P,0s, in mol%; CTE: 9.7 x 105/°C) coating and the Ti6Al4V substrate was
about 40 MPa. Therefore, the mismatch in CTEs can impair bonding between the Bioglass®
coatings and Ti6AI4V substrates.?8! 283 284 Chen et al.?® used an atmospheric plasma spraying
system to deposit CaO-MgO-SiO-based bioactive, partially crystalline, glass-ceramic (M2)?%
powders onto Ti6AIl4V substrates under Argon plasma spraying-parameters. Compared to HA and

45S5 Bioglass®, the CTE of M2 (10.79 x 105/°C)%® was closer to that of Ti6AI4V. However,

micro-cracks were still found in the M2 coatings after heat-treatment.®

The mismatch in CTEs caused the poor adhesion between the silicate glass coatings and
Ti6Al4V substrates. Therefore, an appropriate method is required to reduce the difference in CTE
between the silicate glasses and Ti6Al4V to improve the adhesion of the coating/substrate
construct. Increasing the SiO> content in the glass composition is a simple way to reduce the CTE
of silicate glasses (Table 5), although it can be at the cost of bioactivity.?” Saiz et al.?® created a
silicate glass series with high SiO; contents: 6P57 (56.5 SiO>-15.0 Ca0O-8.5 MgO-11.0 Na,O-3
K20-6 P20s, in wt%), 6P61 (61.1 SiO>—12.6 CaO-7.2 MgO-10.3 Na20-2.8 K20-6 P20s, in wt%)
and 6P68 (67.7 Si0>-10.1 CaO-5.7 MgO-8.3 Na,0-2.2 K206 P,Os, in wt%), and they coated
these glasses onto Ti6Al4V substrates using an enameling technique. The CTEs of the glass series
were?®%: 10.8 x 10%/°C for 6P57, 10.2 x 10°/°C for 6P61 and 8.8x 10°%/°C for 6P68. Coated Ti6Al4V
samples were immersed in simulated body fluid (SBF) for two months, and then the formation of
cracks reaching the 6P57 glass coating/substrate interface and initiating the coating delamination
was observed. However, no cracks were found on 6P61 and 6P68 coatings, indicating better

adhesion between the 6P61/6P68 coating and Ti6Al4V substrate.?®® Meanwhile, there was no
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apatite precipitated on the surface of 6P61 and 6P68 coatings even after two-month immersion in
SBF,?® indicating that the high SiO, contents significantly decreased the dissolution rate of the

glasses, reducing their bioactivity.?*

Based on the contents in Section 2.5.3 and 2.7.4, the primary issue of HA and silicate glasses
as coating materials for Ti6Al4V substrates is the mismatch in CTEs. Moreover, silicate glasses
having similar CTEs to that of Ti6Al4V exhibit retarded bioactivity due to the high loading of
SiO; in the glass compositions. Since borate-based glasses can have very similar CTE to that of
Ti6AI4V (Table 2.5), borate-based glasses could be considered as candidates for the bioactive

coating materials for Ti6Al4V substrates, which will be corroborated in Section 2.8.

2.8. Borate-based glasses

2.8.1. Boron anomaly

The structure of borate-based glasses has been studied extensively.?®! Mozzi and Warren?®
proved that the vitreous boron oxide (B2Oz) is primarily constructed of boroxol rings (Figure 2.22)
using the fluorescence excitation method in their X-ray diffraction experiments. In the experiments,
the position of boron-oxygen (B-O) peak in the measured curves indicated that boron atoms in
vitreous B,Os are predominantly in triangular coordination.?®? The physical properties of borate-
based glasses can be influenced by the addition of different alkali metal and alkaline earth oxides,
thus allowing for tunable solubility and bioactivity,?® through a phenomenon known as 'boron

anomaly’.?%3
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6 - Bi (())_§> 0 The boroxol ring, observed 1in vitreous B,0;.
' - ~ d
/ + The chain-type metaborate group, observed in the
,0_ ]?—0_]?_0—]‘3—.0 compounds Li,O - B,0O; and CaO - B,Os.
0 0 O
0\ , ,0 The pyroborate group, observed in the compounds
,B— 0—B_ o 2MgO - B,0,; and 2Ca0 - B,0;.
0
,0 The orthoborate group, observed in the compounds

Figure 2.22. Borate groups observed in different borate compounds. Dotted lines though the
oxygen ions (@) indicate the bridging type.?%

Pure B20s is primarily constructed of boroxol rings ([B@3]) (d=bridging oxygen) (Figure 2.22)
linked together through oxygen atoms.?®! It has been reported that small amounts (< 30 mol%) of
alkali oxides (R20) and alkaline earth oxides (RO) introduce additional oxygen ions, which
converts two [B@3] units into two [B@4] units.?%+2% The transformation from [B@s] to [BDa]
introduces a fourth bridging boron oxygen bond per boron center, resulting in an increase in
rigidity of the glass, thus reducing the likelihood of the glass degrading in an aqueous
environment.?® 2°7 Higher glass network modifier contents (> 30 mol%) bring non-bridging
oxygens (NBOs) into [B@s] units and [B@4] tetrahedra.?*4?% More formation of NBOs leads to
decreased rigidity and increased dissolution rate in aqueous environments, where the [B@s] and
[B@4] units convert into metaborate [B@.0] (O=NBO), pyroborate [B.@04*] and orthoborate

[BOs>], type units (Figure 2.22).26 297
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2.8.2. Dissolution of borate-based glasses

The dissolution mechanism of silicate glasses was illustrated in Section 2.7.2, where the
dissolution kinetics could be retarded by the “silica-rich” layer. The dissolution mechanism of
borate glasses is very similar to that of the silicate glasses.?® 2% However, unlike silicate glasses,
borate glasses readily react with the aqueous environment without a significant reduction in the
dissolution kinetics.2% 3% Upon immersion of the borate-based glasses in a K;HPO4 solution or
SBF, the glass dissolution occurs directly to form Na*, B®*, coupling with the reaction of Ca?* from
the glasses with PO4* from the solution to precipitate CaP/HA on the glass surface (Figure 2.23).2%

Na*, BO:,:’F (out) Na*, Si(04"),B033' Nat, SiO,‘* (out)
out

Borosilicate Silicate Glass

Initial Glass Borate Glass

PO;* (in)

P a—
P —

PO;* (in) l PO;* (in)
Final Product |

Na-and B- Na- SiO, —rich layer

depleted core depleted core

Figure 2.23. Qualitative model for the conversion of bioactive silicate (45S5), borate, and
borosilicate glasses to HA in a dilute phosphate solution.?%®

This HA-conversion process continues until the glass is completely converted to HA.2%
However, during the dissolution of silicate glasses, a porous silica-rich layer forms and separates
the growing HA layer from the glass core. Therefore, the dissolution products have to dissolve and

diffuse through the silica-rich layer to allow the HA-conversion process to continue (Figure 2.23),
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which explains why the dissolution process of silicate glasses stops well before the complete
conversion to HA.2%:2% Previous studies?®® %! confirmed that borate glasses converted completely

to HA at a faster rate than 45S5 glass.

Bioactive glasses facilitate bone regeneration by converting to HA which provides a surface for
bone cells to attach and proliferate, and releasing dissolution products which promote osteoblasts
proliferation (Section 2.7.2). However, dissolution products of bioactive borate-based glasses do
not always facilitate the formation of new bone, because the high dissolution rate of borate-based
glasses tends to cause excessive concentrations of dissolution products.®? 3% Damage to
osteoblasts can be induced by high concentrations of some ions, such as Ca?* and B3*.3** High
concentrations of Ca?* (> 32 mg/L) decreased the viability of osteoblasts (mouse primary
osteoblasts (mOBs))?*8, and higher than 2.5 mM B3*' inhibited osteoblast (MC3TC-E1)
proliferation®®. Furthermore, as coating materials for metallic orthopedic devices, the degradation
of borate-based glasses could result in the loss of the coating-substrate bond strength and
subsequently retard implant fixation.3% It is therefore critical to tune the solubility of the borate-
based glasses to avoid these adverse effects. Furthermore, the pH of the solution would
dramatically increase due to the intense reaction between the solution and the borate glass.>*’ Since
the mechanism of bone cell formation is very sensitive to changes in environment, the maintenance

of pH value in blood and extracellular fluid is required.3%

2.8.3. Applications of bioactive borate-based glasses

2.8.3.1. Synthetic bone scaffolds
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Bioactive borate-based glasses have been applied as synthetic bone scaffolds,®® because, as
well as being bioactive, borate glasses can be manufactured into porous 3D structures facilitating
the formation of new bone.3!° Borate-based glasses - termed 139-3B3 (53B203-6Na20-12K,0-
5Mg0-20Ca0-4P,0s, in wit%), were created for scaffolding purposes. Kolan®! utilized the
selective laser sintering process to fabricate bone scaffolds with five different architectures using
13-93B3 glass (Figure 2.24). Cell proliferation tests using the tetrazolium salt MTT assays
demonstrated that these borate glass scaffolds significantly increased the viability of the

osteoblasts (MLO-A5S line), and the scaffolds with the diamond architecture were completely

311

covered with osteablasts.
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Figure 2.24. (a) CAD models of five architectures: (i) cubic, (ii) spherical, (iii) X, (iv) diamond,
and (v) gyroid; (b) 13-93B3 scaffolds with different architectures after sintering. 31

Synthetic bone scaffolds made of borate glass (6Na,0-8K>0-8MgO-22Ca0-36B,03-18Si0O»,
2P,0s, in mol%:) were fabricated by Liu et al.3'? using a polymer foam replication technique.
These scaffolds, containing approximately 70% interconnected porosity and pore sizes of 200-500
pum, provided a favorable substrate for the attachment and proliferation of osteogenic MLO-A5

cells after 6 days (Figure 2.25).
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Figure.2.25 SEM images of borate-based bioactive glass scaffolds seeded with MLO-A5 cells
and cultured for (a), (d) 2 days; (b), (e) 4 days and (c), (f) 6 days. 3

Furthermore, 13-93B3 bone scaffolds with approximately 60% porosity fabricated by thermally
bonding randomly oriented short 13-93B3 fibers of diameter 100-300 um®? and by unidirectional
freezing of suspensions®* were also reported to stimulate bone regeneration in the defects in vivo,
where the new bone formation in the defects implanted with borate glass scaffolds (28%) was

comparable to that of autografts (38%)3*.

2.8.3.2. Soft tissue wound healing

Bioactive borate glasses were also capable of healing soft tissue wounds, an increasing problem
associated with diabetes.3' 316 Bjoactive borate glass nanofibers in the form of pads have been
used to heal chronic wounds,®!’ because bioactive borate-based glasses can facilitate new blood
vessel formation which has a central role in wound healing.3!® Lin et al. demonstrated that 13—
93B3 glass microfibers significantly increased the microvascular density in soft tissue, and did not

release components or ions into the blood stream which can cause chronic kidney damage.®*° This

46



study also presented that the implantation of Cu-containing 13-93B3 microfibers enhanced the
growth of capillaries and small blood vessels in vivo.3'° Since bone is a highly vascular material,
angiogenesis can sustain and enhance new bone growth.3?° Therefore, the angiogenic effect can be
another application of bioactive borate glasses in the orthopedic field.31% 321322 |n the study by Bi
et al,®'* 13-93B3 bioactive glass scaffolds and autografts were used to heal critical-size segmental
defects in rat femurs. Autografts have been considered as the “gold standard”®?® for bone
replacement, because they can provide the most osteoconductive and osteoinductive properties
with minimum immunology rejection.®?* There was no significant difference between the
formation of new blood vessels in the defects implanted with the glass scaffolds (4-8%) and that
of autografts (5%), while the new bone formation in the glass scaffolds (18%) was more than
double that in autografts (8%), which confirmed the ability of bioactive glasses promoting the

formation of both bone and blood vessel.

2.8.3.3. Drug delivery system

Another application of borate-based glasses is the drug delivery system.32>-327 pellets composed
of a chitosan-bonded mixture of bioactive borate glass particles (< 50 um) and teicoplanin powder
(antibiotic) were utilized to treat chronic osteomyelitis induced by methicillin-resistant S. aureus
in a rabbit model, where the teicoplanin-loaded borate glasses supported bone regeneration.?
Studies by Xie et al. % and Goldstein et al.>?° both reported the better effectiveness of bioactive

borate glass in the treatment of osteomyelitis as a carrier for vancomycin, replacing calcium sulfate.

47



2.8.4. Borate-based glass coatings for Ti6Al4V implants

As discussed in Section 2.5.3 and 2.7.4, the primary issue limiting the long-term application of
HA and bioactive silicate glasses as coating materials for Ti6Al4V implants is the mismatch in
CTE. Unlike HA and bioactive silicate glasses, borate-based glasses can have very similar CTEs
to that of Ti6AI4V?8L, which can reduce the residual stress in the coating and then enhance the
adhesion strength between the coating and substrate. Therefore, bioactive borate-based glasses are

now being considered as bioactive coating materials for Ti6AlI4V stems.

A study by Peddi et al.?8? showed that the adhesion strength between a borate-based glass (H12,
8Na,0-40Ca0-2.5P,05-2A1,03-40B,03-7.5Si0, in mol%; CTE: 9.7 x 10%/°C) and a Ti6Al4V
substrate was almost four-fold greater than that between an HA coating and Ti6AI4V. An
enamelling technique was utilized in the study. The adhesion strength was determined using a pin-
pull coating adherence test based on Mil Std 883 method, where Nail-shaped, 2.6 mm diameter
aluminum pins were bonded to the coating and the coated sample with a pin attached was mounted
in a Romulus adhesion testing machine (Quad Group, Inc., Spokane, WA, USA). The force
required to pull the pin loose was measured as the adhesion strength of the coatings; in this case
36+2 MPa for H12 coating and 7.5+0.3 MPa for HA coating. Unfortunately, this method provided
only the force as a measurement of adhesion strength instead of the true bonding strength of the

coating/substrate system; it was, therefore, a qualitative method.>%

2.8.5. Osseointegration of Titanium implants coated with borate glass

Since the development of borate-based glass coatings for Ti6AI4V stems is just in the initial

stage, few studies involving the in vitro and in vivo studies on borate glass-coated Ti6Al4V devices
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exist. However, bioactive borate glass (6Na>0O-8K>0-8MgO-16Ca0-2P,05-6SrO-36B203-18SiOy,
in mol%) coatings have been reported by Wei et al to improve the osseointegration of Ti implants
in vivo.®®! In this study,®®! Ti devices with/without borate glass coatings were implanted in rabbit
tibial fracture models (10 animals in each group). One of the rabbits implanted with an uncoated
Ti control died within a week, another suffered from internal fixation failure after three weeks, and
five of them had significant swelling of the legs. However, all the rabbits implanted with coated
devices survived for six weeks without leg swelling. Furthermore, good contact between the coated
implants and bone was observed in histology. Osteoid tissues formed on the surface of the coated-
implants after six weeks (Figure 2.26 (a)), while animals implanted with uncoated devices showed

more server inflamed tissues without formation of osteoid tissues (Figure 2.26 (b)).

Figure 2.26. Transmitted light images of TB-stained sections of rabbit tibiae, after implantation
for six weeks with (a) animals implanted with bioactive borate glass-coated Ti devices and (b)
animals implanted with uncoated Ti devices (ST: soft tissue IC: inflammatory cells).®3!

2.10. Functions of Titanium (Ti) and Strontium (Sr) in the bioactive glasses

Bioactive borate-based glasses have been usually derived from 45S5 Bioglass® (composed of
SiO,, Na;O, CaO and P,0s) where SiO: is partially or totally substituted by B,03.%2! 45S5
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Bioglass® does not contain titanium and strontium, even though they have been incorporated into

bioactive glasses.332 333

2.9.1. Functions of Ti in bioactive glasses

In glasses, the titanium ion can exist in three different valences: Ti?* (TiO), Ti** (Ti»0s) and
Ti** (TiO2).33* Usually, Ti ions exist in glass networks in Ti* form and act as network formers
(Figure 2.27) enhancing both glass forming ability and chemical durability.®3? Wren et al.3®
fabricated a scaffold using Ti-containing silicate glass ((62-x) SiO2-14 Na,O-24 CaO-xTiO2, x=0,
5, 10, in mol%). They found that the hardness of the bone scaffolds without Ti (2.4 GPa) was
significantly lower than comparable bone scaffolds containing Ti (7.1 GPa with 5 wt% Ti and 6.1
GPa with 10 wt% Ti). In some borate glasses, titanium ions can both exist in Ti*" acting as network

former and Ti** acting as network modifier elevating glass solubility (Figure 2.27).3%

Li
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Figure 2.27. Structural fragment of Li»O-K.0-B>0s3 glass network doped with Ti0.%%

Network Modifier
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2.9.2. Function of Sr in bioactive glasses

Strontium (Sr?*) has been incorporated into bioactive glasses applied in orthopedic fields,
because it can facilitate bone regeneration.?®® The increasing awareness of the biological role of
Sr?* started from the development of the drug strontium ranelate (Figure 2.28), marketed as
Protelos (Servier Laboratories, Dublin, Ireland) an effective anti-osteoporotic therapy for treating
osteoporosis resulting in both bone mass enhancement and prevention of bone loss.33® A study by
Jiang et al.>*® considered osteoporotic rats treated with strontium ranelate for 3 years. It revealed
that strontium ranelate increased bone formation, assessed by both mineralization rate and
osteoblast concentration. Moreover, higher numbers of trabeculae and an enhancement in cortical
thickness were observed.>® Additionally, a clinical trial by Meunier et al.>* evaluated the effects
of strontium ranelate on the risk of vertebral fracture in women with postmenopausal osteoporosis.

A risk reduction of 49% was recorded after one year of treatment, reducing to 41% after 3 years.

O O
O
| /
O
CN
0O 0)

Strontium Ranelate

Figure 2.28. The composition of strontium ranelate.

The incorporation of Sr?* in the bioactive glasses have also been confirmed to exhibit

stimulatory effects on osteoblasts and inhibitory effects on osteoclasts.?6% 340 34! |saac et al.?®3

51



reported that addition of SrO in the B75-SrX glass series (75SiO2-(25-x)Ca0-xSrO, X=0, 1 and 5,
in mol%) significantly increased the viability of osteoblasts isolated from fetal mouse calvaria in
vitro after 24 hours; ~100% for B75-SrO, ~125% for B75-1SrO, and ~150% for B75-5SrO. In
addition, Gentleman et al.>* treated osteoclasts (RAW264.7 cell line) with dissolution ions from
a bioactive glass series (46.46Si0,-1.07 P205-26.38 Na20-(23.08-x)CaO-xSrO, in mol%). They
found that, compared with the SrO-free control glass, 2 mol% addition of SrO in the glasses

decreased the osteoclast proliferation by approximately 25% after 6 days in vitro.

Additionally, Sr-containing biomaterials have been reported to reduce microbial contamination
induced by Staphylococcus spp., because Sr?* can impede bacteria cell wall synthesis and
metabolism.3*2 343 Brauer et al.3*? formulated a bioactive glass series (SiO2-CaO-CaF.-MgO) with
0-50 mol% CaO substituted with SrO and investigated their antibacterial effects against S. aureus
(NCIMB6571). In the study, the glass discs (¢7.6 x 0.7 mm) were put into 4.5 ml bacteria-
containing (108/ml) tryptone soya broth (TSB) media, and the Miles and Misra technique3*? was
used to calculate the bacterial viability (CFU/ml) after 144-hours incubation at 37 °C. It was found
that the bacterial viability decreased and more Sr?* released into the media with SrO incorporation
in the glass series, which indicated the antibacterial effect of Sr>* against S. aureus.3*? Therefore,
when Sr-containing bioactive glasses are applied as coatings on Ti6Al4V stems, they may be able

to reduce the infection caused by S. aureus.

Another function of Sr?* in bioactive glasses is modifying their dissolution rate. The addition
of heavy, less mobile ions, such as Ca?* and Sr?*, have been reported to retard the dissolution rate
of the glasses.®** The mechanism of Sr?* slowing down glass solubility can impede the migration

pathway of other dissolution products, like Na* and Ca?*, in the glass structure.3*> 3% One of the
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pathways of dissolution ion migration involves a change in its coordination, where some bonds
between the modifier ions and oxygens (M-O) are broken.®*"- 34 |t is difficult to break the Sr-O
ionic bonding due to its high strength.3** Thus Sr?* might block the pathway of other cations and
hinder the movement of other dissolution products, reducing the solubility of the glasses
subsequently. Additionally, Sr>* has a larger ionic radius (132 pm) than that of other glass network
modifiers, like calcium (Ca?*) (114 pm) and magnesium (Mg?*) (86 pm).3*° Thereby, Sr>* may
occupy more space in the glass structure inhibiting the movement and release of other ions from
the glass network. Consequently, the addition of SrO in the borate glasses should address the issues
caused by the high dissolution rate of the borate glasses when they are used as bioactive coatings

for TiBAI4V implants.3%?

2.10. Coating techniques

The particular coating technique utilized is another important factor affecting the function of
the coating/substrate system.3*° Plasma spraying and enamelling are two conventional coating
techniques for Ti6AI4V substrates. However, plasma sprayed coatings can suffer from poor
adhesion between the coating and substrate due to the non-melting particles covering the interface
between the substrate and coating.®®* 2 The thermal spray process may also cause changes in the
microstructure of the coating and substrate materials.’* 32 Moreover, the plasma sprayed
technique is sometimes limited by the deposition stresses occurring during the cooling of the
sprayed particles after solidification.33-3% Additionally, if the plasma spraying technique is

applied to coat bioactive borate glasses onto Ti6Al4V substrates, the glass coatings are likely to
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be crystallized under the high temperature (~ 1000°C) in the coating procedure.r’81’® The

crystalline structure can impair the bioactivity of the glass coatings.>*® 3>’

The enameling technique is widely employed because it is relatively straightforward to perform
and inexpensive.3%® 3% The thermal treatment required for enamelling can be carried out under a
controlled atmosphere and temperature without inducing structural changes in the coatings and
substrates.3®® Therefore, the enamelling technique should be a better choice for coating borate

glasses onto Ti6Al4V substrates.

2.11. Mechanical testing methods

The adhesion strength between the coatings and the Ti6Al4V substrates (e.g. implant stems)
critically influences their feasibility to be used in long-term applications.*®* Therefore,
measurement of the adhesion strength between the coating and the Ti6Al4V substrate is important

when developing a novel coating material.

2.11.1. Qualitative methods for adhesion strength measurement

Usually, the tensile adhesion test?8? 362363 and adhesion scratch® tests are used to measure the
adhesion strength between the HA or glass coatings and the Ti6Al4V substrates. In the tensile test,
the coating is bonded to the face of a loading fixture, and the combination of coating and fixtures
is subjected to a tensile load normal to the coating (Figure 2.29). The tensile load is applied with
a constant rate until the components completely separate, and the maximum load is taken as the

adhesion strength. %6 366
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Figure 2.29. Schematic of the tensile adhesion test.3%

Previous studies indicated that data obtained in this tensile adhesion test cannot be reliable
unless the coatings have a thickness greater than 0.38 mm.%% 367368 Fyrthermore, the method
assumes that the interfacial stress is uniform, which invalidates its ability to reflect the real
interface strength.®% It can thus only provide failure load data as a measurement of adhesion
strength. Therefore, this test has long been considered, at best, to be applicable only for relative

ranking purposes, rather than an absolute quantification of adhesion.1%

In the scratch test, a spherically tipped diamond indenter draws across the coating with
increasing continuous or stepwise load normal to the coating surface until the coating detaches
from the substrate (Figure 2.30 (a)).%%° The normal load inducing coating detachment is considered
as a measurement of the coating-substrate adhesion strength.®”® The coating detachment can be

observed by scanning electron microscopy (SEM) (Figure 2.30 (b)).
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Figure 2.30. (a) Schematic of scratching adhesion test®”® and (b) SEM image®* of the scratch
track of an HA coating.

An important issue in scratch adhesion testing is to establish an accurate relationship between
the critical load and the actual adhesion strength. Ideally, the coating detachment occurs ahead of
the indenter when the induced compressive stress in the coating exceeds a critical value.3"
However, other failure modes besides the adhesive failure of the coating, such as transverse
cracking without coating detachment, have also been reported.32 In addition, the testing conditions,
such as scratching speed, load rate, indenter wear, and coating thickness all can influence the
critical load.®® % Therefore, the scratch test is not a good choice for quantitative assessment of

adhesion strength for the glass coating/Ti6Al4V substrate system.

2.11.2. Quantitative method for adhesion strength measurement

In order to quantitatively measure the cohesive or adhesive toughness of the glass
coating/Ti6Al4V substrate system, a fracture mechanics based methodology, initially used as an
assessment of the toughness of environmentally degraded structural adhesive joints®’®, can be used.

The toughness is quantified by calculating the strain energy release rate, G (J/m?), also known as
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‘the crack driving force’. The crack extends when G reaches a critical value (Gic), where Gic

376 i.e. ameasure

represents the amount of energy released in creating a unit area of crack extension
of the fracture toughness of the material or interface.®’” Therefore, in this dissertation, the Mode |
(opening) critical energy release rate (Gic) will be measured with special bi-layer double cantilever

beam (DCB) specimens (Figure 2.31).3"8 A similar method will be used for determining the Mode

Il (in-plane shear) critical strain energy release rate (Giic ) in Section 3.3.7.

Substrates /I
N
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Figure 2.31. Double layer DCB specimen.3"

The Gic value is calculated as®’’:

_12P% @’

= Equation 2.6.
E Wt a

where

Pmax: the load necessary to propagate the crack

w: the width of the substrate

Es: Young's modulus of the substrate (110GPa)

a: distance from crack tip to the hinge’s axis of rotation (Figure 2.31),

ts: the thickness of the substrate.
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2.11.3. The method for residual stress measurement

The thermal residual stresses in the coating caused by the CTE mismatch between the coating
and Ti6AIl4V substrate has been deemed to be the primary reason for initiating cracks in the
coatings. The procedure developed by Yu et al.>8, which is based on the measurement of the
change in the curvature of coated specimens before and after heating (Figure 2.32), has often been

used to determine the thermal residual stress of the coatings.
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. y y
At Coating |
Temperature: (~ual{'ng -I y ’ Coating ’ -I y
 Substrate o  Subswate
At Roo”l | Coating I Coating
Temperature: T
P
¢ Coating Pc Pc Coating i
— Subsrate :  Subﬁmle e
l 2L )
M, : IT . § M,
7 Coating
M, %////////% Sm,
L

Figure 2.32. The schematic of the analysis of residual stresses during cooling phase of the
coating procedure based on the study of Yu et al®8,

The curvature, «, is positive if the unit tangent rotates counter-clockwise and is negative if it

rotates clockwise®’®:
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Equation 2.7.

where

&: bending distance,

L: half-chordal length.

When the coating/substrate system cools from the coating temperature to room temperature,
there is a tendency for both the coating and substrate to shrink at different rates due to the mismatch
of the CTEs. Axial forces Pc and Ps (Figure 2.32, subscripts ¢ and s refer to the coating and
substrate respectively), equal in magnitude and opposite in direction, develop to establish the strain
continuity at the interface. Finally, bending moments Mc and Ms (Figure 2.32) develop in order to

maintain moment equilibrium. Therefore, the residual stress is made up of two components:

0,=0, t0y Equation 2.8.

where
op: the axial stress component caused by the axial force,
owm: the bending stress component,

i= c or s: represents the coating and substrate respectively.

Op =—- Equation 2.9
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where

M t
Oy =— C(y——"j Equation 2.10 .

° I, 2
M t
Oy, =—— (y+—sj Equation 2.11.
I 2
where:
oMM, =B Equation 2.12.
t +t,

y: the distance of the layer of interest from the glass coating/ Ti6Al4V substrate interface,

M: bending moment,
t: thickness,
w: specimen width,

E: Young’s modulus,

I: second moment of area of the cross-section.

The Young’s modulus and Poisson’s ratio of the Ti6Al4V substrate are taken as 110 GPa and

0.34, respectively®’®. For the presently considered glass coatings, the Young’s modulus (35 GPa)

and Poisson’s ratio (0.26) of 45S5 Bioglass® were assumed.®”® Based on Eq.2.9-2.12, Young’s

modulus of the glass coatings won’t significantly influence Gic of the coating/substrate system. ,

because the thicknesses of coatings were significantly smaller than that of the substrate (tc/ts<0.03).

In the previous study of our research group, Matinmanesh and Rodriguez et al.*’® coated silicate

glasses onto the surface of Ti6AI4V substrates as coatings and measured Gic of the
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coating/substrate system and the residual stresses in the coatings. Since the silicate glasses in this
study have similar compositions to those of 45S5 glass, Young’s modulus of 45S5 as 35 GPa,
which was mentioned in the most widely cited references,®% 3! was used in the calculation of Gic
and the residual stresses.’® Additionally, Young’s moduli of borate glasses have been reported to
be about 20-40 GPa®?-35_ Therefore, in this study, we also used Young’s modulus as 35 GPa in

the calculation of the residual stress in the coatings.

2.12. Scientific rationale

HA-coated Ti6Al4V stems have been used in total hip replacement for over 20 years, during
which HA coatings have been shown to improve the osseointegration of the implants. However,
the cracks in HA coatings and the poor adhesion between the coating and the Ti6Al4V substrate
caused by the mismatch in CTE between them limited the long-term application of such coats.
Bioactive silicate glass coatings on Ti6Al4V substrates have also been reported to cause similar
issues in terms of mismatch in CTE. Unlike HA and bioactive silicate glasses, borate glasses have
very similar CTEs to that of Ti6Al4V, which could reduce the residual stress in the coating,
providing better adhesion between the coating and the substrate. Moreover, borate glasses could
also improve the osteointegration of the implant, because their stimulatory effects on bone
regeneration have been confirmed by the applications in bone scaffolds and drug delivery.
Consequently, borate-based glasses are considered promising materials as bioactive coatings on
Ti6Al4V femoral stems. A higher adhesion strength between the borate glass coating and the
Ti6Al4V substrate, compared with HA and 45S5 coatings, was reported by a previous study.

Unfortunately, the adhesion strength was only measured in a qualitative manner. Furthermore, the
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dissolution of borate glass coatings, which can be an issue in respect of bioactivity and adhesion
strength, have rarely been investigated. Therefore, in this project, a novel bioactive borate-based
glass series will be formulated and coated onto Ti6AI4V substrates. Suitable coating materials for
Ti6Al4V substrates with excellent bioactivity, suitable degradation rate, and good mechanical
properties are expected to be found in the glass series. Additionally, a novel method will be used
to quantitatively measure the cohesive or adhesive strength of the coating/Ti6Al4V substrate

construct.

2.13. Objectives

Therefore, in the thesis, six borate glasses (Ly-BO, Ly-B1, Ly-B2, Ly-B3, Ly-B4, Ly-B5) based
on B203-P20s5-Ca0-Na20O-TiO2-SrO will be formulated by increasing the concentration of SrO
(from 0 to 25 in mol%) at the expense of B20s. Then, the glasses will be coated onto the surface
of the Ti6AI4V substrates using an enamelling technique. The objectives of the thesis are to

investigate the influence of:

e increased amounts of SrO incorporation in the glasses on the structure, CTE, solubility,
antibacterial effects and bioactivity of the glass series.

e increased SrO content in the glasses on the residual stress in the glass coatings, and the Mode
I/Mode 11 critical strain energy release rates of the glass coating/Ti6Al4V substrate system.

e degradation on the mechanical properties of the glass coating/Ti6Al4V substrate constructs.
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3. Materials and Methods

3.1. Characterization of the borate-based glass series

3.1.1. Glass synthesis

Six glasses (Ly-BO to Ly-B5) were formulated based on the B2O3-P,0s5-CaO-Na,O-TiO2-SrO
glass series with increasing amounts of SrO (from 0 to 25 mol%) incorporated at the expense of
B20s. Bioactive borate glasses can have similar CTEs to that of Ti6Al4V, but their high dissolution
rate can damage bone cells and bond strength between the coating and substrate (Section 2.8.4).
SrO incorporation in borate glasses has been reported to slow down their dissolution rate, and Sr?*
can improve osteoblasts proliferation (Section 2.9.2). Therefore, we replaced B2Os with SrO in the
family of glasses to modify their dissolution rate and improve their bioactivity. The control glass,
Ly-BO, was free of SrO. The compositions of the glasses are presented in Table 6. Glasses were
prepared by weighing out appropriate amounts of analytical grade reagents in powder form (Fisher
Scientific, Ottawa, ON, Canada & Sigma-Aldrich, Oakville, ON, Canada), firing the mixtures
(1300°C, 1 h) in asilica crucible, and subsequently shock quenching into water. The resulting frits

were dried, ball-milled and sieved to retrieve powders with a mean particle size of less than 20 um.

Table 3.1. Compositions of the borate based glass series, displayed in mol%.

LY-BO LY-B1 LY-B2 LY-B3 LY-B4 LY-BS

B203 59 54 49 44 39 34
CaO 13 13 13 13 13 13
P20s 3 3 3 3 3 3
Na20 15 15 15 15 15 15
TiO2 10 10 10 10 10 10
SrO 0 5 10 15 20 25
Total 100 100 100 100 100 100
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3.1.2. X-ray Diffraction (XRD) analysis

Diffraction patterns were collected using a D2 PHASER (Bruker AXS Inc., WI, USA).
Powdered samples were packed into plastic sample holders. CuKa (1.54 A) anode was employed
with a generator voltage of 30 kV and a tube current of 10 mA, and diffractograms were collected

in the range of 20° < 260 < 80°, at a scan step size 0.02° and a count time of 0.3 s.

3.1.3. Particle Size Analysis (PSA)

PSA was performed using a Beckman Coulter Multisizer 4 Particle size analyzer (Beckman-
Coulter, Fullerton, CA, USA). Glass samples were evaluated in the range of 0.4-100.0 um and the
run length was 60 seconds. Characterization was performed in water at room temperature. Three
measurements were recorded for each glass composition and the mean and SD were collected for

each.

3.1.4. Scanning Electron Microscopy (SEM) and Energy-dispersive spectrometry (EDS)

analysis

Sample imaging, including those of the original glass powder were carried out with an FEI Co.
Quanta 200F Environmental Scanning Electron Microscope (ESEM) equipped with an EDX
Genesis Energy-Dispersive Spectrometer. Secondary electron (SE) and backscattered electron
(BSE) images were taken on glass particles and polished disc surfaces. Energy-dispersive

spectrometry (EDS) was used to determine the compositions of the six borate glasses.
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3.1.5. DTA measurement

A combined differential thermal analyzer-thermal gravimetric analyzer (DTA-TGA, SDT Q600,
TA Instruments, New Castle, DE, USA) was used to measure the Tgs and the first crystallization
temperature (Tc1s) for all glass samples. A heating rate of 20 °C/min was employed in a nitrogen
(N2) atmosphere between 25 °C to 1000 °C using a-Al>O3 as a reference, where a platinum pan

was used.

3.1.6. MAS-NMR measurement

The 3P and B MAS-NMR spectra for the glass series were recorded with a solid echo
sequence on a Bruker AVANCE 500 NMR spectrometer (Agilent Technologies, Inc., Santa Clara,
CA, USA) using a 2.5 mm MAS probe with spinning speeds of 20 kHz. The 90-degree pulse for
the central transition was 1.5 microseconds. The echo delay was 100 seconds. Spectra were
recorded with at least 32 scans using a 30 s recycle time. 3P chemical shifts were referenced
externally to ammonium dihydrogen phosphate (NHsH2PO4), which was assigned a chemical shift
of 1.0 ppm for the borate-based glasses with respect to 85% phosphoric acid (HzPOa) at 0 ppm.
11B chemical shifts were referenced externally to boric acid (HsBOs) saturated aqueous solution,
which was assigned a chemical shift of -19.49 ppm with respect to boron trifluoride etherate

((C2H5)20+BF3) at 0 ppm.

3.1.7. Raman Spectroscopy measurement

Raman analysis was conducted using a Sierra Reader (Snowy Range Instruments, WY, USA),
employing a red laser with an excitation wavelength of 785 nm and power of 72 mW. Each scan

lasted 10 seconds and 5 scans in total were performed for each sample, the average of which was
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recorded. The Sierra Reader built-in software (Snowy Range Peak Software v3.13) combined with
GRAMS software (Waltham, MA, USA) was used to generate the spectral data. The peaks in the

Raman spectra were fitted using the Gaussian function.

3.2. Solubility, antibacterial and osteo-stimulatory effects of the borate-based glass series

3.2.1. Sample preparation

Glass powder discs (2.2 x ¢$6.4 mm, n=9) fabricated for the following experiments were
produced by pressing the powders into molds and then annealed for 15 min at 50 °C above their
Tgs previously determined, Section 3.1.5, by a combined differential thermal analyzer-thermal
gravimetric analyzer, DTA-TGA, SDT Q600, TA Instruments). The discs were dense after the

annealing procedure.

3.2.2. X-Ray Diffraction (XRD)

Diffraction patterns were collected using a D2 PHASER (Bruker AXS Inc., WI, USA). Glass
powder discs were packed into standard stainless-steel sample holders. CuKa (1.54 A) anode was
employed with a generator voltage of 30 kV and a tube current of 10 mA. Diffractograms were

collected in the range 20°<20<90°, at a scan step size 0.02°and a count time of 0.3 seconds.

3.2.3. Atomic Absorption Spectroscopy (AAS)

Glass powder discs were immersed in 15 ml de-ionized water for 1, 7 and 30 days (3 samples

of each glass for each incubation period). lonic concentrations of Na*, Ca?* and Sr?* were evaluated
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from the water extracts utilizing a Perkin ElImer Analyst 800 Atomic Absorption Spectrometer
(Waltham, MA, USA). The water extracts were subsequently used for pH analysis and cell culture

testing.

3.2.4. pH analysis

Changes in pH of the water extracts were monitored by a Corning 430 pH meter (Corning, NY,
USA). Prior to testing, the pH meter was calibrated using pH buffer solution 4.00£0.02, 7.00 £
0.02 and 10.00+0.02 (Fisher Scientific, Pittsburgh, PA, USA). Sterile de-ionized water (pH=7.0)
was used as a control and was measured at each time period (1, 7 and 30 days) for calibration

purposes.

3.2.5. Weight loss

Weight loss measurements were performed after removing the glass discs from de-ionized
water following incubation times of 1, 7 and 30 days and dried for 24 hours at 37 °C. The equation

used to calculate the weight loss (AW) was:

AW :WO -W

Equation 3.1.

where
Wo: the initial weight of the glass disc,

W: the weight of the disc after a certain incubation period.

3.2.6. Agar disk-diffusion test
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The antibacterial activity of the borate-based glasses was evaluated against S. aureus using the
agar disk diffusion method. Tryptic Soy Broth (TSB; Sigma Aldrich, Oakville, ON, Canada) was
used for the culture of S. aureus. All organisms were grown in 100 mL TSB to a cell concentration
of 1 x 107 cells/mL (20 h, 37°C, aerobically, 250 rpm). Preparation of the TSA disk-diffusion
plates involved aseptically spreading 100 pL of the undiluted culture per plate. The pressed glass
powder discs with heat treatment were also used in the antibacterial test. Glass powder discs (n=3)
were placed on the inoculated plates, and the plates were cultured for 24 hours at 37°C, sealing the
bags to prevent desiccation. Three glass disks, of different treatment, were assessed per plate.
Calipers were used to measure the diameter of glass powder discs and the halo of inhibition at

three different points for each disk, then zone sizes were calculated as follows:

Halog — Disc¢

Inhibition Zone (mm) = 5

Equation 3.2.

All glasses were analyzed in triplicate and mean zone sizes standard deviations were calculated.

3.2.7. Cytotoxicity testing

Pre-osteoblastic MC3T3-E1 cells (ATCC CRL-2593, ATCC, Manassas, VA, USA) were used
for this study and were maintained in tMEM media supplemented with 10% FBS and 1% (2 mM)
L-glutamine (Cambrex, MD, USA) within a cell culture incubator at 37°C/5% CO02/95% air
atmosphere. Cells were seeded into 24 well plates at a density of 5500 cells/cm? and incubated for
24 hours prior to testing. Culture media (1 ml) was then further supplemented with 100 ul of liquid
extract (from the solubility samples at 30 days for all glasses; n = 3 per sample well) and then
incubated for 24 hours at 37°C/5% CO2. The MTT was added in an amount equal to 10% of the
culture medium volume/well. The cultures were then re-incubated for a further 2 hours (37°C/5%
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CO») after which they were removed from the incubator and the resultant formazan crystals
dissolved by adding an amount of MTT Solubilisation Solution (10% Triton x-100 in Acidic
Isopropanol (0.1 n HCI)) equal to the original culture medium volume. Once the crystals were
fully dissolved, the absorbance was measured at a wavelength of 570 nm. All results were
expressed relative to the metabolic activity of cells seeded (at the same density) on tissue culture

plastic (n = 3) as controls.

3.2.8. Statistical analysis

One-way analysis of variance (ANOVA) was employed to compare the changes in ion release
profiles, pH values, weight loss, inhibition zone and MTT assay data of the experimental materials
in relation to 1) different incubation times (e.g. 1, 7 and 30 days), of each composition, and 2)
different glass compositions with the same incubation time. The comparison of relevant means
was performed using the post hoc Bonferroni test. Differences between groups were deemed

significant when p <0.05.

3.3. Mechanical properties and solubility of the borate glass coating/Ti6Al4V substrate

system

3.3.1. Fabrication of glass coatings onto Ti6Al4V substrates

Ti6AI4V plates (88.9mmx12.7mmx3.2mm, McMaster-Carr, EImhurst, Illinois, USA) were
polished using 1200 grit sand paper and cleaned using ethanol. The roughness, Ra, of the plates

after polishing was found to be 0.5-0.6 um. In order to release the residual stresses in the Ti6AI4V
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plates before coating, they were heated without any constraints up to 650°C for 15 minutes. The
furnace was then shut off, and the plates were allowed to cool down to room temperature within

the furnace.

Glass powder (< 20 pum) and ethanol (0.16 g glass per 1.2 ml ethanol) were mixed inside a
standard 5 ml syringe for approximately 1 minute and deposited on the surface of the Ti6AI4V
plate placed on a leveled table. The coated samples were air-dried for 30 minutes at room
temperature and then were reheated to a temperature between Tgand Tc1 for 15 minutes, retaining
the amorphous nature of the coatings. The furnace was then shut off, and the coated samples cooled

down within the furnace.

Coating thicknesses were determined using an optical non-contact profilometer (Nanovea
ST400, Microphotonics Inc, PA, US). Three parallel profile traces 4 mm apart along the
longitudinal axis of the substrate with a step size of 5 um were obtained both before and after
coating the surface. The waviness profile was extracted by applying a Gaussian filter with a cut-
off wavelength of 0.25 mm. The difference in the resulting profiles yielded three thickness profiles
per specimen. Point by point averages and standard deviations for each thickness profile were
calculated and averaged to obtain the overall average thickness and standard deviation for each

specimen.

3.3.2. Bi-layer DCB specimen

Bi-layer DCB specimens?® (Figure 2.31) were used to measure the Mode | and Mode Il critical
strain energy release rates Gic and Giic. The coating surface area used for the Mode | and Mode 11

tests were 76 mmx12.7 mm (Figure 3.1 (a)) and 54 mmx12.7 mm (Figure 3.1 (b)), respectively.
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A thin layer of a room temperature cure epoxy (J-B Weld 8265-S Cold Weld Compound, Sulphur
Springs, TX, USA) was spread onto the glass-coated adherends to attach them to the uncoated
Ti6Al4V plate. In order to ensure the uniformity of thickness of this layer, before applying the
epoxy, a 0.7 mm diameter wire was inserted around the periphery of the coated specimen. The
wire was removed after 10 minutes, by which point the epoxy had set. Then the "double sandwich™
specimen was clamped and left at room temperature for 48 hours to complete the cure of the epoxy.
Two hinges were glued to the free ends of the specimen (Figure 2.32) using the same quick set
epoxy. The bond line between the glass and substrate was covered with diluted type white
correction fluid, and the length of the bond line was marked at fixed intervals to facilitate crack

length measurement during testing.

12.7 mm

(a)

12.7 mm

Figure 3.1. The coated samples used for the (a) Mode I and (b) Mode Il tests.

3.3.3. X-ray Diffraction (XRD)

Diffraction patterns of original glasses and glass coatings were collected using a D2 PHASER
(Bruker AXS Inc., WI, USA). Powdered samples and coated Ti6Al4V samples were packed into
stainless steel sample holders were packed into stainless steel sample holders. CuKa (1.54 A)

anode was employed with a generator voltage of 30 kV and a tube current of 10 mA, and
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diffractograms were collected in the range of 20° <26 < 80°, at a scan step size 0.02° and a count

time of 0.3 seconds.
3.3.4. Measurement of the coefficient of thermal expansion (CTE) of the glasses

Linear dilatometry based on ASTM E2283% was used to measure the CTEs of the glasses. Glass
discs (~4x ¢6.4 mm) were manufactured by pressing glass powders into a cylindrical mold. The
discs were then annealed at the same temperature at which they were enameled. Three discs were
stacked to make the final samples (~12 x¢$6.4 mm). The samples were tested from 25°C to 300°C
with a heating rate of 4°C/min where a Netzsch DIL 402 PC dilatometer was applied (Netzsch

Instruments, Burlington, MA, USA). The CTE was calculated as follows:

a LAl Equation 3.3

m= =T uation 3.3.
AT L a

where

am: the mean CTE of the sample,

Lo: the original length of the sample,

AT and AL: the changes in temperature and length of the specimen respectively.

3.3.5. Measurement of Mode I critical strain energy release rate (Gic) of the coating/substrate

system

A United Universal Tester (STM series, United Testing Systems, Inc., Huntington Beach, CA,
USA) with a 500 N load cell was utilized in displacement control at a crosshead displacement rate
of 0.5 mm/min to load the hinges on the specimens using friction grips. The crack propagation was

monitored by a digital microscope camera (OptixCam Summit SK2-14X, Roanoke, VA, USA)
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having a field of view of 3 mm, which was mounted on a motorized stage. Three samples for each
coating were tested. The Gic was calculated from the critical load to cause crack propagation, and

the crack length, using Eqg. (2.6).
3.3.6. Measurement of residual stress

The thermal residual stresses in the coating are induced by CTE mismatch between the coating
and coating. Since the CTE measurements of Section 3.3.4 were by necessity performed at a lower
temperature than the processing temperature of the system, they could not directly be used to
determine the residual stresses. Instead, the level of residual stresses can be determined by
measuring the change in the curvature of the coated specimens before heating and after cooling
down, which is illustrated by Egs. (2.7)-(2.12).38 Three parallel surfaces, 3 mm apart, using a step
size of 10 um along the longitudinal axis on the back side of the Ti6Al4V plates were measured
using the optical profilometer, before and after enameling. The waviness profile was extracted by
applying a Gaussian filter with a cut-off wavelength of 0.25 mm (ASME B46.1%7), and the

deformed profile was obtained by subtracting the profiles before and after enameling.

3.3.7. Measurement of Mode 11 critical strain energy release rate (Giic) of the coating/substrate

system

The Mode Il fracture tests were performed using the mixed-mode load jig developed by
Fernlund and Spelt®® (Figure 3.2), where the desired mode ratio can be generated by adjusting the

links lengths (S1—S4)%®:

S
Pr = Prax X [1__1] Equation 3.4.



% Equation 3.5.

where p1 and p are the loads applied to the upper and lower substrates and pmax iS the measured

load to propagate the crack.
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Figure 3.2. Mode Il fracture test set up.38®

Firstly, the load jig was set into a Mode | load condition to create an initial crack in the specimen
(n=3) by adjusting the length of the links to S1=50.8 mm S=25.4 mm, S3=76.2 mm and S4=-25.4
mm (Figure 3.2). Based on Eqgs. (3.5) and (3.6), under this loading condition, p1=-p2. To create the
pre-cracks, the specimens were loaded according to established protocols (Section 3.3.5) for the
determination of the critical Mode | strain energy release rate, Gic. A United Universal Tester
(STM series, United Testing Systems, Inc., Huntington Beach, CA, USA) with a 500 N load cell
was used in displacement control to load the specimens with a crosshead displacement rate of 0.5

mm/min. A digital microscope camera (OptixCam Summit SK2-14X, Roanoke, VA USA) with a
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high magnification lens having a field of view of 3 mm was mounted on a movable stage to allow
the crack propagation to be monitored. The load was applied to the specimen until the crack
propagated and then the pre-crack length, ao, was recorded after which the specimen was unloaded
and removed. The pre-crack length, ag, was chosen to meet the stable fracture criteria for a pure
Mode I1 test ao/L > 0.57 determined by Fernlund and Spelt®®8, where L is the distance from the line

of action of the applied force to the clamp at the root (Figure 3.2).
The specimen was then removed, and the loading jig was set up for the Mode |1 test. For the
link lengths given in the previous paragraph, Egs. (3.4) and (3.5) and give p1=pz=pL;X . The Mode

1 critical strain energy release rate can be written as*’’:

9(pa) (Pmd)’
" W2ER  wWESL

§TS°S

Equation 3.6.

where

p1: lower adherend load,

Pmax: the load necessary to propagate the crack,
ws: the width of the substrate,

Es: Young's modulus of the substrate (110 GPa)

a: distance from crack tip to the hinge’s axis of rotation (Figure 3.2).

The pre-cracked specimens were loaded under this Mode 11 condition using a United Universal
Tester (STM series, United Testing Systems, Inc., Huntington Beach, CA, USA) with a 500 N
load cell in displacement control with a crosshead displacement rate of 1.5 mm/min to avoid

instabilities®®. In order to monitor the crack propagation, a digital microscope camera (OptixCam
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Summit SK2-14X, Roanoke, VA USA) with a high magnification lens (field of view of 3 mm)
was used. The load was applied to the specimen until the crack was visually observed to propagate,

also corresponding to a sudden drop in force.
3.3.8. Degradation of the coatings and weight loss

The degradation of the coatings was assessed gravimetrically after 2, 6 and 24 hours of
immersion of the coated substrates in de-ionized water. The degraded samples were taken out of
the water and left for 24hr at room temperature to completely dry. Using an analytical scale with
an accuracy of 0.0001g (QUINTIX213-1S, Sartorius Weighing Technology GmbH, Goettingen,
Germany), the weights of the Ti6Al4V bars before (Wo) and after (W1) coating were measured,
then the weight of coated specimens after degradation was measured (W-.). Then the coating
weights before and after degradation were calculated as (W1-Wo) and (W.-Wo), respectively, and

the weight loss (AW) was then determined as:

(Wl _Wo ) B (Wz _Wo)
(\Nl _Wo)

AW = Equation 3.7.
These degraded samples were then made into bi-layer DCB specimens according to the

procedure in Section 3.3.2 and were load under Mode | (Section 3.3.5) and Mode Il loading

conditions (Section 3.3.7) to measure their Gic and Gyic values, respectively. This procedure is

similar to that previously developed for testing degradable adhesive joints.3%: 39

3.3.9. Statistical analysis

One-way analysis of variance (ANOVA) was employed to assess the significance of the

changes in the thickness and residual stress of the glass coatings, the measured Gic and Giic values
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of the glass coating/ Ti6AIl4V substrate systems before and after degradation, and the weight loss
of glass coatings after different incubation times brought about by changes in the glass
compositions. The comparison of relevant means was performed using the post hoc Bonferroni®®2

test. Differences between groups were deemed significant when p < 0.05.
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4. Results and Discussion

4.1. Characterization of the borate-based glass series

4.1.1. XRD and SEM+EDS

The XRD patterns of the glasses in their as-fired forms are shown in Figure 4.1. The lack of
sharp peaks indicates the amorphous nature of all glasses. It is reasonable to assume then, that all
changes in the glass series, including T4 and the amount of NBO in the glass network (Section 4.1),
degradation rate (Section 4.2), and fracture toughness (Section 4.3), are only related to different

SrO contents in the glass compositions rather than the crystalline phases in the glasses.

Intensity (a.u.)

20 30 40 50 60 70 80
Degree° (2 Theta)

Figure 4.1. XRD patterns of the borate glass series.
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The SEM images with EDS data of the borate glasses are shown in Figure 4.2.
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Figure 4.2. SEM images with EDS data of the bioactive borate glass series.

It can be observed from the SEM images that the six glasses have similar morphology. The
particles sizes of the glass series will be accurately analyzed in Section 4.1.2. EDS is commonly

employed in qualitative, elemental analysis of glass compositions.3%3-3% Since Boron (B) is a light
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element, EDS cannot identify B due to the detection limit.3%:3%" The other elements of the glasses
were all confirmed by EDS. The presence of the primary element (Sr) expected in the glass series
is revealed by the EDS spectra, except for Ly-BO. Additionally, the EDS spectra confirmed an

increase in Sr content from Ly-B1 to Ly-B5.
4.1.2. Particle size analysis

Particle sizes of the glass series are shown in Figure 4.3. The mean particle size of each glass
was approximately 10 um throughout the series. There was no significant difference (p > 0.05)
between the particle sizes of the six glasses. Fine particles can dissolve completely in the water
during analysis. Therefore, even though very fine particles can be observed in Figure 4.2, they

were not shown in the results of the particle size analysis.
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Figure 4.3. Particle size of the borate-based glasses (n=3). Scatter bars indicate the standard
deviations.
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Particle size is an important parameter of bioactive glasses because of its influence on the
dissolution and bioactivity of the bioactive glasses.>® Sepulveda et al. found that the dissolution
rates of 45S5 Bioglass® decreased as the particle size increased, because smaller particles have
increased the specific ratio of total surface area to volume of the immersion liquid.>*® Gerruti et
al.*% reported that 45S5 glasses with greater surface areas (smaller particles sizes) degraded fast
in TRIS-buffered solution, especially in the first 30 min. Furthermore, Schepers et al.*** developed
45S5 Bioglass® particles with different sizes (300-350 pum and 100-710 um) and implanted them
into the partial edentulous jaws of Beagle dogs. They found the defects filled with glass particles
with narrow size range (300-350 um) showed an enhanced repair by new bone formation. However,
among the glass particles with wider size range (100-710 um), some large particles (> 350 pum)
rarely reacted with the body fluid, and macrophages moved to the unreacted glass particles to form
fibrous tissue instead of new bone. In order to avoid the influence of particle size on the solubility

of the glasses, it is necessary to ensure that particle sizes of glasses through the series are similar.

4.1.3. 3P and B MAS-NMR Spectroscopy

The results of MAS-NMR spectroscopy for 3P are shown in Figures 4.4, where the chemical

shifts increased from -0.27 ppm to 3.08 ppm with increasing addition of Sr?*.
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Figure 4.4. 3P MAS-NMR spectra of the borate-based glass series. The peak position of each
glass is tagged on the right side.

Considering the chemical composition of the glasses, shifts in the range of -8 to -0.2 ppm?®
403 represent the phosphate tetrahedral structure, where one phosphate atom bonds to two NBOs
and one boron atom through a BO in phosphate-boron glasses. Phosphate tetrahedral is the basic
unit in the phosphate glass structure acting as the glass network former charged by alkali and
alkaline earth cations.?*> 492 Chemical shifts at 5.3 + 0.2 ppm are assigned to phosphate tetrahedra
with three NBOs,*** indicating the deconstruction of the phosphorus network.*%? In this borate
based glass series, the shifts increased with increasing addition of Sr?* (Figure 4.4). The shift to
higher ppm values is related to the depolymerization of the phosphate network.*% Therefore, it can
be concluded that phosphate assumes the role of a network former and the increasing Sr?* content

introduces a higher concentration of NBOs in this glass network.
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In the B MAS-NMR spectra of the borate-based glass series are presented in Figure 4.5. Two
peaks, a symmetric peak in the region of 0.2 to 0.6 ppm and a quadrupole broadened peak centered

at around 11 ppm, are present in all 1B MAS-NMR spectra.

Intensity (a.u.)
'\
SIS
~i
e
oy
F%

20 -10 0 10 20
Chemical Shift (ppm)

Figure 4.5. 1'B MAS-NMR spectra of the borate-based glass series.

Based on previous studies of !B MAS-NMR, BOs units and BO3 units are assigned in the
region of -10 to 2 ppm3* " and 5 to 15 ppm®, respectively. Therefore, the centrally symmetric
peak in the region of 0.2 to 0.6 ppm is assigned to the four-coordinated borate units (BO4).3¢ ¥’
The quadrupole broadened peak centered at around 11 ppm arises from the presence of trigonal
boron units (BOs).3* 3¢ The resonance region of BOs units was relatively wide with two separate
peaks.® The peaks in the higher chemical shift field (~14 ppm) represent "symmetric" sites (BOss,

S stands for symmetric) where boron bonds to 1 or 2 NBO, and those in the lower chemical shift
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field (~9 ppm) represent "asymmetric" sites (BOsa, A stands for asymmetric) where boron bonds
to 0 or 3 NBOQ.4% 406,407 Hence, chemical shifts at around 9 ppm and 14 ppm (Figure 4.5) were
recorded to be assigned as BOsa and BOss respectively.*®® The BOs quadrupolar line can be
approximated by a Gaussian function to obtain the relative ratio of BO3 and BO4 units.*** The
relative ratio of BO4 units in the six glasses (from Ly-BO0 to Ly-B5) are 0.47, 0.43, 0.42, 0.41, 0.40
and 0.37, which revealed that more NBOs were introduced to the glass network with more addition

of Sr?* contents in the glass series.

4.1.4. Raman Spectroscopy

The Raman spectra of the borate glass series are presented in Figure 4.6. It is apparent that the
spectra are dominated by a broad peak centered at 1320 cm™ with a shoulder at 1500 cm™. In

addition, three Raman bands are exhibited at 770 cm™, 860 cm™ and 940 cm.
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Figure 4.6. Raman spectra of the borate-based glass series.
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The Raman spectra of the borate glasses were fitted by OriginPro 8.1 (OriginLab Corporation,
Northampton, MA, US), where R? is a statistic about the goodness of fitting, R?=1 represents
perfectly fitting.*°® Based on the fitted Raman spectra of the glass series (Figure 4.7), the intensity
of the band at 770 cm™ decreases with increasing Sr?* contents, while the band intensities at 860
cm™ and 940 cm™ increase with the addition of Sr?*. Finally, based on the fitted Raman spectra,

the peak areas under 860 cm™, 1320 cm™ and 1500 cm* increase with Sr2* content.
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Figure 4.7. Fitted Raman spectra of the borate-based glass series, where R > 0.98.
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According to Raman analysis from previous studies concerning the structure of borate glasses,
the peak at 774 cm™ can be assigned to the symmetric breathing vibration of six-member rings
with one [B@s] replaced by [B@4].%% %% The Raman band at 860 cm™ is related to the symmetric
stretching vibrations of B-@-B bonds from [B@04]*.*%° 419 Correspondingly, the bands ranging
from 1315 to 1350 cm™ are attributed to the stretching vibration of terminal B-O'bonds of
[B2@04]*.2% 41 The Raman band at 940 cm corresponds to [B@4] bonding to NBO-containing
groups instead of pure [B@4] and orthoborate unites [BO3z]*.4*241* The Raman bands centering at
1480-1500 cm™ are due to the presence of [BO,0]".%% 1! The assignments of Raman bands of the
borate based glass series are summarized in Table 4.1. The increasing intensity of Raman bands
at 860 cm®, 940 cm™?, 1320 cm™ and 1500 cm™ indicate the increased presence of [B@,0] and
[B2@04]* within the glasses with Sr?* incorporation. It is the formation of NBO that make [B@3]
and [B@4] units convert into [B@,0] and [B@04]*.%*° Raman spectroscopy demonstrates that the
increased addition of Sr?* induces more NBOs in the glass network. Therefore, the increasing
intensity of Raman bands at 860 cm™, 940 cm™,1320 cm™ and 1500 cm indicate the increased
presence of [B@,0]" and [B2@04]* within the glasses as Sr?* incorporation increases through the
glass series. It is the formation of NBO that make [B@s] and [B@4] units convert into [B@20]

[B2@04]* and [BO3]*. 20

Table 4.1. Assignments of Raman bands of the borate-based glass series.

Wavelength(cm™) Assignments
~ 770 A structure with two [B@4].4%°
~ 860 Symmetric stretching vibrations of B-@-B bonds from [B2@04]*.4%°
~ 935-955 Large superstructure group with one (B2Os@4 pentaborate group) or
two (B4Os@4 diborate group) [B@4] tetrahedra®?, and [BOs]* #14.
~ 1315-1350 The stretching vibration of terminal B-O™ bonds of [B2@04]*.3940
~1480-1500 The structure of [B0O,0].2%" 411
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The conversion from [B@4] units into [B@,0] and [BOs]* caused by the addition of glass
network modifier, like Na*, was schematically described as Figure 4.82°, where the cross-linked
structure of [B@4] units is broken into chain-like structure. As a result, the degree of connectivity

of the glass decreases. !> 416

o aQ
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Figure 4.8. The conversion of [B@4] units into [B@>0] and [BOs], where @ represents bridging
oxygen 2%

Beuneu et al.*!” considered Tgyas the onset temperature where the network of borate glass starts
to be opened. Since NBOs break the network of a glass*'® 4'° decreasing rigidity,*?° the glass with
more NBOs will exhibit a lower Tq.4'" The pertinent literature?®® 421 422 reported that T4 reduces
with increased NBO contents in the glass network. Here, since more NBOs were induced by
addition of Sr?* in the glass series, the T4 of the glasses was expected to decrease with more Sr*

contents, which will be investigated by DTA measurements (section 4.1.5).

415. DTA

Tgs and Tc1s of the glass series are recorded in Table 4.2. Figure 4.9 shows the trend of glass
transition temperature (Tg) of the borate based glass series, showing that Ty gradually increases

with increased Sr?* contents through the glass series.
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Table 4.2. Thermal profiles (DTA curve) of the borate based glass series.

(°C) Ly-BO Ly-B1 Ly-B2 Ly-B3 Ly-B4 Ly-B5
Ty 500 510 521 525 535 550
Tt 677 690 650 618 629 649

560
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Glass Transition Temperature (Tg) (°C)
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Figure 4.9. Glass transition temperature (T) of the borate-based glass series.

The results of both Raman spectroscopy and NMR indicate that more NBOs were introduced
into the glasses with the increased addition of Sr, while Tg of the glasses increased with increased
Sr incorporation, which is inconsistent with the theory that Ty decreased with more NBOs in glass
structure*?®, It is postulated that the ratio of NBO/BO, or boron-oxygen bonding, is not the only
factor influencing Tg. An additional factor is metal-oxygen bonding (R-O) which provides
additional cross-links across the borate segments of the glass network to influence T4.2° The ionic

R-O bonding increases Tq by enhancing network rigidity; the effect depending on the strength of

R-O (Fr-0), which was defined as?*°:
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Feo= 47T2C2/we2ﬁ Equation 4.1.

where
C: speed of light
: reduced mass of cation site vibration,

verr. effective cation site vibration frequency in FT-IR analysis.?%

The literature confirms that the Tgs of borate glasses increase with the enhancement of Fr.0.2%
In addition, Fr-os of alkaline earth ions, such as Ca?* and Sr?*, are higher than those of alkali ions,
such as Na* and K*, because divalent ions provide higher coordination numbers with oxygen
atoms.®** Previous studies*?* #2° demonstrate that increasing Sr?* contents gradually increased Ty
in borate-based glass systems. Consequently, the increasing amount of Sr-O bonding in the glass
structure leads to a gradual increase in Tg. We can conclude that through the glass series, increased
Sr?* induced more NBOs in the network, while the increasing amounts of ionic bonds between
Sr2* and oxygen increased the rigidity of the glasses. Young’s modulus is the material’s resistance
to deformation during which bonds between the constituent atoms must be broken and reformed
with new neighbors.*?® Consequently, glasses having greater rigidity, or with higher bond strengths
among constituents atoms, were reported to exhibit higher Young's moduli.*?® 427 Shinkai et al.*%8
reported that the fracture toughness of a borate glass series (PbO-Zn0O-B03) had a proportional
relationship with Young’s modulus of the glasses. Hence, it is postulated that the increased
addition of Sr?* in the glass compositions can increase fracture toughness of the coating/substrate
system when the glasses are coated onto Ti6Al4V substrates. This will be further investigated in

the mechanical testing section (4.3).
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4.2. Solubility, antibacterial and osteo-stimulatory effects of the borate-based glass series

4.2.1. XRD analysis

The glass powders were pressed into molds to make discs. Then, the discs were annealed at 50
°C above their Tgs (Section 4.1.5) to densify them without inducing crystallinity. The XRD
patterns of the glass powder discs are shown in Figure 4.10. The absence of sharp peaks in the
traces confirmed the amorphous nature of the discs.*?® 4° The objective of this section is to
investigate the influence of different Sr contents on the dissolution rate of the glass series as
crystalline phases were reported to inhibit solubility of the bioactive glasses®*®. Therefore, in order
to avoid the influence of crystalline phases on the solubility of the glasses, the amorphous nature

of the glass discs must be maintained throughout the series.

Intensity (a.u.)

20 30 40 50 60 70 80
Degree° (2 Theta)

Figure 4.10. XRD patterns of the glass power discs.
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4.2.2. Atomic Absorption Spectroscopy (AAS)

The concentrations of Na*, Ca** and Sr?* released from the components of the glass series, with
respect to incubation time and composition, are shown in Figures 4.11-4.13, respectively.
Unfortunately, the concentration of B** released cannot be accurately determined by AAS because
of the insensitivity of this technique for low atomic number elements®*°2, For all six glasses, the
concentrations of Na* and Ca?* in the water extracts (Figures 4.11-4.12) were found to significantly
increase with incubation time (p < 0.05), while the concentrations of Na* and Ca?* decreased along

with increased Sr?* incorporation (p < 0.05) in the glasses after 30-days incubation.
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Figure 4.11. Concentration of Na* from the water extracts of the glass series (n=3) versus
incubation time. Scatter bars indicate the standard deviations.
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Figure 4.12. Concentration of Ca?* from the water extracts of the glass series (n=3) versus
incubation time. Scatter bars indicate the standard deviations.

The first step in the degradation of glass in an aqueous environment is the ion exchange*3% 43
between the glass network modifier cations and H* from the immersing solution. Usually, the Na*-
water reaction dominates the process due to the initial enrichment of Na* on the glass surface34>
432 This explains why the concentrations of Na* released from each glass are higher than those of
Ca?* and Sr?* (Figures 4.11-4.13). Additional ions are then transported from the glass bulk to the
surface to complete the dissolution process. One of the pathways of ion migration is assisted by
the correlated forward-backward motion of an ion by moving to an intermediate position and then
returning to its initial site after the passage of the migrating ion3¥. The movement of a modifier
cation in the matrix involves a change in its coordination, where at least a fraction of the co-
ordinated oxygen atoms has been replaced®®; that is, a number of R-O bonds have to be broken.

It is difficult for Sr?* to provide such 'transient sites' 34° due to the high strength of the ionic Sr-O
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bonding®*, thus Sr>* might block the pathway of other cations. As a result, Sr?* hindered the

movement of other dissolution products, reducing the solubility of the glasses.

As expected, the ion release profile of Sr?* (Figure 4.13) experienced a significant increase with

both incubation time and Sr?* incorporation in the glass series (p < 0.05).
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Figure 4.13. Concentration of Sr?* from the water extracts of the glass series (n=3) versus
incubation time. Scatter bars indicate the standard deviations.

The highest Sr?* concentrations in the water extracts ranged from 31.7 mg/L to 72.9 mg/L (from
Ly-BO to Ly-B5, Figure 4.13) after 30-days incubation. Previous studies have reported that Sr?*
concentrations in the range from 8.76 mg/L to 87.62 mg/L induce stimulatory effects on
osteoblasts and inhibit bone resorption in vitro*3 4%, It has also been reported that the higher the
Sr?* concentration (up to 2102.8 mg/L), the greater the inhibitory effect on osteoclast

differentiation.**® Since the Sr?* concentration after 30-days incubation for each glass was in the
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range 76 mg/L -87.62 mg/L , the incorporation of Sr?* to this borate-based glass series is expected
to be beneficial for bone cell proliferation, and this hypothesis will be investigated by cytotoxicity

testing (Section 4.2.6).

4.2.3. Weight loss

As ion release from the glass is accompanied by a decrease in mass, weight loss measurements
provide a useful parameter for monitoring the kinetics of glass solubility.°2 Weight losses of the

discs with respect to incubation time are shown in Figure 4.14.
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Figure 4.14. Weight loss of the glass discs (n=3) versus incubation time, where scatter bars
represent the max and min values of the data, where the lines are used only to guide the eye.

Compared with the control glass (Ly-B0, without SrO), the weight loss of the borate glass series
significantly decreased (p < 0.05) with increased SrO contents in the glass compositions with every
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immersion time in the de-ionized water, except for Ly-B1l after 1-day incubation (p > 0.05).
Additionally, the weight loss of the glasses with no less than 10 mol% SrO (Ly-B2-Ly-B5) after
30-days incubation was even lower than those of Ly-BO and Ly-B1 only after 1-day incubation
(Figure 4.14). Weight loss of the glasses resulted from degradation in de-ionized water.2%? In other
words, higher weight loss indicated more ions released from the glass, i.e. a greater level of
degradation. Therefore, it can be concluded that increased SrO incorporation, especially > 10

mol%, in the glass series retarded the glass dissolution process in de-ionized water.

4.2.4. pH

pH of the water extracts of the glass series immersed in de-ionized water over 1, 7 and 30 days

are shown in Figure 4.15.
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Figure 4.15. pH values of the water extracts of the glass series (n=3) with different incubation
times, where the pH values of 30-days incubation are tagged on the image. Scatter bars indicate
the standard deviation of the data.
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The pH of de-ionized water is 7.0.4% The statistical analysis of pH profiles of the water samples
that the glasses were stored in demonstrated that pH of the water extracts increased significantly
when the glasses contained more than 5mol% addition of Sr?* (Ly-B3, Ly-B4 and Ly-B5) (p <0.05).

However, for each glass, pH values did not change with immersion time (p > 0.05).

In the reaction between water and glass, Na*/H* exchange occurs first, where H* bonds to NBO
and the remaining OH" from the water molecule bonds to Na* forming NaOH. Consequently, pH
of the solution increases. Based on previous studies, the pH of silicate glasses immersed in a neutral
aqueous environment for 30 days is in the range 11 to 124?° %37 while the pH values of borate-
based glasses are in the range 9 to 10392 4% _ |t is the acidity of B(OH)s that causes this effect 392,
However, the pH of the solution still increases, because the strong alkaline NaOH overwhelms the

weak acidic B(OH)s.

The alkali nature of the solutions, resulting from the degradation of the glasses, has a positive
influence on bioactivity**® %4 It has been reported that bone cells respond to pH change with
higher pH inhibiting osteoclastic activity, thus reducing bone resorption**®. Pro-resorptive agents
such as RANKL and parathyroid hormone (PTH) have little or no stimulatory activity on
osteoclasts at pH of 7.4 or above*®. The results of pH testing also confirm that, for each glass, the
pH of the water extracts did not significantly change with different incubation times (p > 0.05).
Since the mechanism of bone cell formation is very sensitive to change of acidic balance, precise

maintenance of pH in the blood and extracellular fluid are required®,

4.2.5. Antibacterial effect
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The diameters of inhibition zones of the borate glasses against S. aureus after 24 hours are
shown in Figure 4.16. The absence of a bar for Ly-B5 indicates that Ly-B5 glass discs did not create
an inhibition zone that is, they had no antibacterial effect against S. aureus. The mean sizes of the
inhibition zones after 24 hours incubation are: 5.6 mm for Ly-B0, 5.8 mm for Ly-B1, 3.5 mm for
Ly-B2, 4.6 mm for Ly-B3 and 4.1 mm for Ly-B4. Based on statistical analysis, there is no difference

(p > 0.05) among the sizes of the inhibition zones resulting from testing of these five glasses.
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Figure 4.16. Diameters of inhibition zones of the glasses against S. aureus after 24-hours
incubation where the max and min values of the data are presented as scatter bars.

Based on previous studies, the antibacterial effect of bioactive glasses has been attributed to
dissolution products, such as zinc or silver ions, released into the surrounding bacterial culture.**
442 These ions can kill bacteria by inhibiting multiple activities in the bacterial cell, such as

glycolysis, trans-membrane proton translocation, and acid tolerance.*® Sr?* has been reported to
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exhibit antibacterial activity against S. aureus in vitro**. Yingguang et al.**® reported that the
inhibition zone of strontium substituted hydroxyapatite (SfHAP) against S. aureus was 17 mm,
while the inhibition zone of HAP was just 5 mm, indicating that the addition of Sr?* in HAP
increased the antibacterial effect against S. aureus. Brauer et al. postulated that Sr* exerts its
antibacterial ability by inhibiting bacterial growth and reproduction and impeding permeability of
the cytoplasmic membrane, cell wall synthesis, replication of bacterial chromosomes and cell
metabolism.3*? Based on the AAS results (Figure 4.13), increased Sr?* released from the glasses
with higher Sr?* loadings. However, the inhibition zone did not increase with more Sr?*
incorporation, which might result from insufficient Sr?* released from the glasses into the TSB
culture. Additionally, the dissolution mechanism of Sr2* in TSB culture using a small volume (100
pL) might be different from that in de-ionized water. Here, we assume that other dissolution
products may contribute to the inhibition zone. It has been reported that boron-containing bioactive
glass exerts antibacterial effects against S. aureus due to B2Os release, but the antibacterial
mechanism of the B%* ion is still unknown*¥”. Moreover, Hernandez et al. found that a boron-based
antibacterial protein synthesis inhibitors (AN3365) exhibited antibacterial activity against S.
aureus.**® Na* and Ca?* were also reported to inhibit the growth of S. aureus.**” 44 Thereby, a
combined or individual effect of some ions among BOs*, Sr?*, Na* and Ca?* can make the

contribution to the bacteriostatic behavior of the glasses.

The inhibition zones can also be attributed to the imbalance in pH of the TSB culture caused
by the release of these ions instead of these ions themselves.**® For bacteria, electrochemical
energy referred as pronto-motive force (PMF) is one form of the metabolic energy required for
cell growth.**% 4! The PMF consists of the electrical potential (4%) and the chemical proton

potential (-Z4pH, where Z=2.3RT/F), which can be described as:*%2
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oME — A _ 2:3RT

ApH Equation 4.2.

where

A¥: membrane potential,
R: gas constant,

F: Faraday constant,

T: temperature,

ApH: pH difference between the two sides of cell membrane (pHin- pHout).

A stable PMF is critical for bacterial growth, hence the change of external pH can cause the
perturbation of the steady-state condition.*>® Previous studies***’ revealed that raising external
pH results in an enhancement of 4% but a decline of PMF. Mates et al.*** 45 reported the directly
proportional relationship between the magnitude of 4 and the bactericidal effect against S. aureus.
Since the PMF is essential for the critical bacterial process, such as flagellar motility and nutrient
import, the decrease of PMF can lead to the loss of bacterial viability by inhibiting these important
functions.**® The antibacterial effects of bioactive glasses against S. aureus have been considered
as a consequence of high pH values inducing disturbances of the membrane potential of the
bacteria.?’® %3 Since the ions released from the glass discs into the TSB culture could cause pH
change,** the antibacterial effects of the glasses also can be a consequence of the pH change.
Since Ly-B5 has relatively low degradation rate, there might not be sufficient dissolution products
released from the glass discs to the TSB culture to alter pH, resulting in no inhibition zone. Since
pH of the TSB culture after 24 hours incubation was not measured, further experiments are

required to confirm this theory.
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4.2.6. Cytotoxicity testing

The cytotoxicity results from glass powder disc extracts after 30-days immersion in de-ionized
water are shown in Figure 4.17. There is no difference (p > 0.05) among the cell metabolic activity
of Ly-BO, Ly-B1, Ly-B2 and Ly-B3 glasses. Moreover, there were significant differences between
the cell viability of the control group and those of the four glasses (p < 0.05), which indicated a
significant decrease in the viability. However, cell proliferation was significantly enhanced (p <
0.05) in response to the Ly-B4 (105%) and Ly-B5 (120%) glass formulations. Compared to the

control group, the enhancement of cell metabolic activity on Ly-B5 was significant (p = 0.002).
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Figure 4.17. Cell metabolic activity from sintered glass powder discs (n=3) extracts after 30-days
incubation. Scatter bars indicate the standard deviations.

Based on the results of pH and AAS analysis, concentrations of Sr?* ions released increased

with increasing Sr?* content in the glass. It has been reported that high concentrations of BOs>
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(>1mg/L) inhibit proliferation of osteoblasts (MC3T3-E1)%® %%, while concentrations of Sr?* in
the range from 8.76 mg/L to 87.62 mg/L promote the proliferation of osteoblasts (MC3T3-E1) in
vitro*®, Seal and Weeth*®! fed rats deionized water with 0, 150 and 300 mg/L boron by adding
Na2B4O7 water; after 70 days, they found the plasma ALP of the rats fed deionized water with 300
mg/L reduced activity by 31%. ALP is one of the phenotypic markers of the osteoblast
differentiation.?®42% The negative influence of the high concentration of boron on ALP might be
one explanation of its adverse effect on osteoblast proliferation. A study by Isaac et al. considering
Sr-containing bioactive glasses reported that the expression of Runx2, Osx, and ALP activity
significantly increased with higher Sr content in the glass compositions.?®® Runx2 is sufficient to
encourage the expression of osteoblast markers in the non-osteoblastic cell?? and can regulate
expression of genes encoding osteocalcin.?® Osx is a transcription factor essential for osteoblast
differentiation.? 2 In a study of Sr-substituted bioactive glasses, Gentleman et al.3*° found an
enhancement of ALP activity and a decrease in TRAP activity when substituting Sr?* for Ca?* in
the glass compositions. These facts explain why Sr-containing bioactive glasses can promote the
proliferation of osteoblast cells and inhibit the proliferation of osteoclasts in vitro.34% 462 Therefore,
the borate-based glasses with 20 mol% (Ly-B4) and 25 mol% (Ly-B5) Sr?* incorporated in the glass

series promote osteoblast proliferation.

4.3. Mechanical properties and solubility of the borate glass coating/Ti6Al4V substrate

system

4.3.1. XRD analysis

101



The glasses were coated onto Ti6Al4V plates. Then the coated samples were heated at certain
temperatures (outlined in Figure 4.18) for 15 min and subsequently left to furnace cool. XRD
patterns of all the glass coatings are shown in Figure 4.18, where the coating temperatures are
tagged. The broad XRD patterns without any detectable sharp peaks confirm the amorphous nature
of the glass coatings. Crystalline phases are capable of affecting solubility*®® 463, bioactivity®*® and
mechanical properties*® 46* of bioactive glasses. It is necessary to retain the amorphous structure
of all the glass coatings to investigate the mechanical properties and solubility of the glass

coating/Ti6Al4V substrate only considering the influence of different glass compositions.
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Figure 4.18. XRD patterns of all the glass coatings, where the coating temperature are tagged in
the image.

4.3.2. Measurement of Mode I critical strain energy release rate (GIC) of the constructs

The Gic values and the thickness of the glass coatings are shown in Figure 4.19. The mean
thickness of the coatings was approximately 95 um, and there was no significant difference (p >
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0.05) among the thicknesses of all the samples. The mean Gic values increased from 6.56 J/m? for
the system using the Ly-B0 glass to 14.61 J/m? for the Ly-B5. Compared with the control glass (Ly-
B0), the increase in Gic with 15-25 mol% addition of Sr?* contents in the glass series, i.e., Ly-B3,
Ly-B4 and Ly-B5, was statistically significant (p < 0.05), while there was no significant difference

(p > 0.05) amongst the Gic values for Ly-B0, Ly-B1 and Ly-B2.
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Figure 4.19. Mode I critical strain energy release rate (Gic) and the thickness of the borate-based
glass coating-Ti6Al4V substrate system. Scatter bars indicate the standard deviation of the data.

Shinkai et al. found that, for a borate-based glass series (B203-ZnO-PbO), glasses with higher

Young's modulus have higher fracture toughness.*?® The relationship between Young’s modulus

(E) and fracture toughness (Kic) can be described as*®> 46¢;
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K :{L (E} Equation 4.3.
Ic )1/2

where
v: Poisson’s ratio,
ao: an interatomic spacing,

A: the range of distance over which the interatomic force acts.

This relationship can be written in a simple way*®> 46

Kic =(S)(E) Equation 4.4.

where (S)= { A2 } which is the structural component of the fracture toughness.

;raj)“(l—vz)”z

For the thin film in the plane stress condition,*®” such as the glass coatings in this work, Gic is

a measure of the fracture toughness®’’ because there is a direct relationship between the Gic and

KIC468' 469:

G.E Equation 4.5.

where

E: Young’s modulus.

There was a glass layer left on the substrate surface after the Mode | test, indicating the fracture
occurred in the coating itself instead of the interface between the glass coating and Ti6Al4V
substrate. Thus, the fracture toughness of the glass itself is critical to the Gic value of the

coating/substrate system. In the glass series, glasses incorporated with more Sr?* possessing higher
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Tg should have higher Young’s modulus (Section 4.1.5)*?% 427 and Kc (Egs. (4.3) - (4.5)), which
can explain why Gic increased with more addition of Sr?* in the glass series. Since Gic can be a
measurement of the fracture toughness of the coating/substrate system,®’” the incorporation of 15-
25 mol% Sr?* (Ly-B3, Ly-B4 and Ly-B5) enhanced the fracture toughness of the glass

coating/Ti6Al4V substrate system.

There is limited literature regarding the Gic values for bioactive glass, bioceramic, and glass-
ceramic coatings. However, previous studies have reported Gic values of 0.8 J/m? for a bioceramic
(57Si0,-34Ca0-6Na,0-3Al,03, in mol%) coating on an aluminum substrate*’®, and 0.065 J/m?
for a glass-ceramic (57Si0>—34Ca0-6Na,O-3Al>0s, in mol%) trabecular-like coating on a
ceramic (Al203) substrate*’t, A study by Matinmanesh et al. indicated that Gc value of a silicate
glass (52Si02-12Ca0-6P205-14Na>0-16Zn0, in mol%) coating on a Ti6Al4V substrate was 6.2
JIm?2 .38 The thickness of the silicate glass coatings (90 pum) of that study is very similar to those
of the borate glass coatings (~95 um) in this study. In this study, the Gic values for all the borate
glasses ranged from 6.56 J/m?to 14.61 J/m?, indicating that the fracture toughness of the borate
glass coating/Ti6Al4V substrate construct is higher than that of the silicate glass/Ti6Al4V

substrate construct.

4.3.3. Measurement of Mode I1 critical strain energy release rate (G11C) of the constructs and

residual stress

Based on the results of the Mode | test, there was no difference among Ly-BO, Ly-B1 and Ly-
B2 (p > 0.05), but the G\c value of Ly-B3 was significantly higher than that of Ly-BO (p < 0.05),
and only the Gic value of Ly-B5 was significantly higher than that of Ly-B3 (p < 0.05). Therefore,

as mentioned in Section 3.3.1, only the residual stress and Gic values for Ly-B0, Ly-B3 and Ly-B5
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were measured. The residual stresses in the glass coatings for Ly-BO and Ly-B3 were 9.7 + 1.0

MPa and 8.1 + 0.7 MPa (tensile), respectively, and the residual stress of that for Ly-B5 was -9.1 £

1.5 MPa (compressive) (Figure 4.20).
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Figure 4.20. The thickness and residual stress in the glass coatings (n=3), where the scatter bars
represent the max and min values of the data.

There was no significant difference between the thicknesses of the glass coatings (p > 0.05)
(Figure 4.20). Thus the influence of coating thickness on the residual stress3’® was avoided. In
other words, the difference in residual stress results from the different additions of Sr?*. The
residual stress is caused by the mismatch of the CTEs between the coatings and substrate. Based
on Egs. (2.6) to (2.11), it is negative (compressive) in the coating when the CTE of the coating is
lower than that of Ti6Al4V, and the coating has a positive residual (tensile) stress when its CTE

is higher than that of Ti6Al4V. Therefore, the magnitude of the residual stress can be considered
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as an indicator of the CTE of the glass coating. Furthermore, the CTE of Ly-B0 and Ly-B3 should
be higher than that of Ti6Al4V, while the CTE of Ly-B5 should be lower than that of Ti6AI4V. A
study by Rodriguez et al.*’? showed that the absolute values of the residual stress in two borate
glass (BRT) (B203-CaO-Na20-P20s-TiO2-Zn0) coatings on Ti6Al4V substrates were both around
-18 MPa, and the corresponding CTEs of the two glasses were ~9.05 x 10/C° and ~9.11x 10%/C°
respectively. Since the absolute values of residual stresses of the glass coatings in this project are
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lower than those in BRT glasses*’“, approximately only 10 MPa, the CTEs of these glasses should

be closer to that of Ti6AI4V (9.5 x 10°%/C®) than the BRT glasses*’ were.

Based on the CTE measurement experiment, the CTEs of Ly-B0, Ly-B3 and Ly-B5 are ~9.83 x
10%/C°, ~9.59 x 10°%/C° and ~9.37 x 10%/C° respectively (Figure 4.21). Moreover, the residual
stresses in the Ly-BO and Ly-B3 coatings were tensile, and that in the Ly-B5 coatings was
compressive. These facts are consistent with the hypothesis that the residual stress in the coating
is tensile when the CTE of the coating is larger than that of the substrate, while, when the CTE of
the coating is smaller than that of the substrate, the residual stress in the coating is compressive.
As expected, the CTEs of the three glasses were all closer to that of Ti6AI4V than the BRT glasses,
and the CTE of Ly-B3, which had the smallest residual stress, was closest to that of Ti6AI4V.
Therefore, even though the CTE measurements (Figure 4.2.1) were taken by necessity at a much
lower temperature than the processing temperature, the trend in residual stress (Figure 4.20),
obtained using the deformed substrate profiles, is nevertheless consistent with these results.
Additionally, even though in general the Young's modulus of the coating can affect the calculations
of residual stresses (Eq. 2.8-2.12) in all cases reported here, the residual stresses' result was found
to be insensitive to the young's modulus of the glass (E) because the glass coating thickness in all

cases was significantly smaller than the substrate thickness (tc/ts<0.03).
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Figure 4.21. The CTEs of Ti6AI4V!%, Ly-B0, Ly-B3 and Ly-B5(n=3). Scatter bars indicate the
max and min values of the data.

The shear strength of the bioactive coating/implant substrate system is also a critical factor
affecting the success and long-term stability of the coated implantation.®® 3% The bone-implant
interface bears shear force after implantation, which has been reported to cause coating
delamination.®® Hence, the critical Mode 11 strain energy release rate (Gic) was also determined
as a quantitative measurement of the fracture toughness of the glass coating/Ti6Al4V substrate

system under shear loading.

The Guic values of the coating/substrate constructs, 26.04 + 3.85 J/m? for Ly-B0, 36.07 + 3.82
JIm? for Ly-B3 and 46.92 + 3.31 J/m? for Ly-B5, were significantly higher (p < 0.05) than the

corresponding Gic values of the glass coatings (Figure 4.22).
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Figure 4.22. The critical energy release rate of Mode | (Gic) and Mode Il (Gic) of glass
coating/Ti6Al4V substrate systems (n=3), where the bars represent the max and min values of
the data.

The fact that the Giic values were much higher than the corresponding Gic was expected due to
the increased frictional contact and locking between the crack facets under Mode Il loading, thus
requiring a higher driving force for the crack advancement.*’® A study by Gillanders et al.*™ found
that Giic of bulk soda lime glass was about four times of its Gic. Additionally, the Gyic values
increased with increasing Sr?* contents (p < 0.05), which is in accordance with the results of the

Mode | test.

4.3.4. Measurement of GIC and GIIC values of the constructs after degradation

The degradation of coatings has been previously found to result in a decrease in the coating-
substrate bond strength.*2 Therefore, Gic and Giic values of the glass coating/Ti6AI4V substrate

system after degradation were measured to determine the influence of different degradation times
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on the fracture toughness of the construct. Since the glass coatings for Ly-BO and Ly-B3
delaminated after about 24-hours incubation, their Gic and Giic values were measured after 2-hours
incubation instead of 24-hours. The delamination of the Ly-B0 and Ly-B3 coatings after 24-hours
incubation was considered as an adhesive failure because no glass remained on the substrate

surface.

lon release from the glass is accompanied by a decrease in mass. Therefore, the weight loss
measurements can be a useful parameter for monitoring the kinetics of glass solubility. The weight
loss of the glass coatings with respect to incubation time is shown in Figure 4.23. The weight loss
decreased in line with increased addition of Sr?* in the glasses under any incubation time (p <
0.05), indicating that the solubility of the glass coatings was slowed down with increased Sr?*

incorporation.
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Figure 4.23. Weight loss of the coatings after different incubation times, where the scatter bars
represent the max and min values of the data.

11

o



As discussed in section 4.2.2, Sr?* can retard the dissolution rate of the borate glasses, which
can explain why the weight loss of the coatings decreased with more Sr?* incorporation in the
glasses. Besides the chemical composition, the residual stress in the glass coating can be another
factor influencing the solubility of the coating/substrate system. The chemical potential of any

species can be presented as?®:
1=’ +RTIna +% Equation 4.6.

where

: the chemical potential,

p°: the chemical potential under standard conditions,

a : the thermodynamic activity,

oxk. the stress tensor,

Q: the molar volume of the species under consideration
R: gas constant,

T: absolute temperature of the system.

It has been demonstrated that there is an equilibrium*”> 476 petween soluble materials (such as
bioactive glass and HA) and water when they dissolve into water, where the free energy, AG?, is

zero. This fact can be illustrated as*’®:

a
AG® =y — iy =RTIN=2=0 Equation 4.7.

D

where D and G present dissolution products and the glass coating respectively.
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When a residual stress acts, the equilibrium will be broken by the chemical potential alternative.

As a result, a new equilibrium condition is generated by an alternate value of solubility products*®:

M +RTIn 9s _ 0 Equation 4.8.
a D

AG° =

Therefore, the ratio of the activity of solubility products under residual stress and stress-free
conditions is*’®:
aD

Q
ZDb_ exp(JL) Equation 4.9.
a. 3RT

a
R, T and Q are constant, S0 — is positively proportional to the residual stress, ok, in the glass
G

coating. The thermodynamic activity, «, is also called the effective concentration. Therefore, the
concentrations of the dissolution products, i.e. the degradation rate, can be influenced by the
magnitude of the residual stress residual stress. Previous studies*’” #® confirmed the theory, where

the compressive residual stress reduced the dissolution rate of 45S5 Bioglass®.

The Gic and Giuc values of the glass coating/Ti6Al4V substrate system for any glass

composition significantly decreased (p < 0.05) for any incubation time (Figure 4.24).
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Figure 4.24. The critical strain energy release rate in (a) Mode | (Gic) and (b) Mode Il (Giic) of
the borate-based glass coating/Ti6Al4V substrate systems before and after degradation with
different incubation times, where scatter bars indicate the min and max values.

There was no bond left between the Ly-BO coating and Ti6AIl4V substrate even after only 2
hours due to the rapid degradation of Ly-B0, and it was therefore not possible to measure its Gic

and Giic value after degradation. The Gic and Giic values of the glass coating/Ti6Al4V substrate
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systems for Ly-B3 and Ly-B5 significantly decreased (p < 0.05) with immersion time. The only
exception is that there was no significant difference (p > 0.05) between Gic values for Ly-B3 after
2-hour and 6-hour degradation, and there was no bond strength left between the Ly-B3 coating and
Ti6Al4V substrate after 24 hours. These results agree with the expectation that the degradation of
the coating weakens the bond strength between the coating and the substrate. The crack path after
degradation for all cases that could be tested, was through the glass, far away from the coating
surface and very close to the glass/substrate interface. This confirms that the presented Gic and
Giic values in Figure 2.24, are measures of the toughness of the glass/metal system as a whole and

not just the toughness of the corrosion products on top of the degraded glass.
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5. Conclusions and Future Work

5.1. Conclusions

A series of borate-based glasses were formulated with increasing additions of SrO. The glasses
were fully characterized and their solubility in de-ionized water was evaluated. The glasses were
then coated onto Ti6AI4V substrates. The mechanical properties of the resulting glass/substrate
constructs were evaluated. Increasing SrO incorporation was found to inhibit the solubility of the
glasses, while positively influencing bioactivity of the glasses and mechanical properties of the

resulting glass/Ti6Al4V constructs. It can be concluded that:

e Borate-based glasses with increasing SrO content were successfully formulated using the melt-
quenching method. XRD results confirmed the amorphous structure of all the glasses.

e In this borate-based glass series, increasing SrO content at the expense of B>O3 induced the
formation of larger amounts of NBOs and gradual increases of Tg.

e Sr?* doping retarded the dissolution rate of the borate-based glass series.

e The borate-based glass series with higher Sr>* contents (20 mol% and 25 mol) promoted
proliferation of osteoblastic cells, while the other glasses impeded such growth.

e All members of the series, except for Ly-B5, exhibited bacteriostatic behavior against S. aureus
after 24 hours, which can be a result of a combined or individual effect of some of the
dissolution products or the pH change of TSB culture caused by the dissolution productions.

e The incorporation of 15-25 mol% SrO (Ly-B3, Ly-B4 and Ly-B5) significantly increased the
Mode | and Mode Il energy release rate of the borate glass coating/Ti6Al4V substrate system.

e Increased addition of SrO retarded the degradation of the glass coatings.
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e The Gic and Gyc values of the glass coating/Ti6AL4V substrate system for any glass
composition significantly decreased (p < 0.05) with increased degradation time.

e Only the Ly-B5 glass coating was still bonded to the Ti6Al4V substrate after 24-hours of
degradation. The Ly-BO0 glass coating delaminated from the substrate after only 2-hours due to

its high degradation rate.

5.2. Novel contributions

Novel bioactive borate glasses with different SrO contents were formulated as bioactive
coatings for the Ti6Al4V substrate to address the undesirable long-term stability of the HA coating
caused by the residual stress due to the mismatch of CTEs between HA and Ti6Al4V. In this
thesis, evidence that the borate glass coatings can be alternatives to HA is offered by the very close
CTEs of the glasses to that of Ti6Al4V and the small magnitude of residual stresses in glass
coatings. Additionally, the measured Gic values for the glass coating/Ti6Al4V substrate system
were higher than those previous reported in the literature for silicate and borate glasses.

The incorporation of SrO, especially 20 to 25 mol%, in the borate glasses not only modified
their dissolution rates but also improved their osteo-stimulatory effect, which is beneficial to their
application as bioactive coatings for Ti6AI4V stems.

In the thesis, the Mode Il critical energy release rate (Guc) of borate glass coating/Ti6Al4V
substrate constructs were determined for the first time as a measure of fracture toughness of the
coating/substrate system under shear stress. Giic values significantly increased with the additions
of SrO in the glasses. The measured Gyc values in this thesis can be references for the future

research.
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5.3. Future work

The primary objective of this project was to investigate the influence of different Sr2* doping

on the structure, solubility, bioactivity and antibacterial capability of a novel borate-based glass

series, and subsequently the mechanical properties of constructs where the glasses were coated

onto a Ti6AI4V substrates. Based on the results of this work, future studies of the glass

coating/Ti6Al4V substrate system should consider:

Investigating the ability of the glass /Ti6Al4V construct to support the attachment and
proliferation of osteoblasts, and to influence their morphology. In the experiment, 1ml
cell/media (10,000 cells per/ml media) solution will be seeded onto the surface of the glass-
coated Ti6AI4V bars and they will be incubated at 37 °C for 24, 48 and 72 hours. SEM will
then be used to observe the amount and morphology of the cells.

Investigating the influence of the Ti6AI4V substrate roughness on the fracture toughness of the
coating/substrate construct. Previous studies reported that the fracture toughness of HA
ITi6AI4V systems increased with a higher Ti6Al4V roughness. In this experiment, Ly-B5 would
be coated onto Ti6AI4V substrates with different roughnesses (1.5 and 3 pum) using enamelling
and Mode | (Gic) and Mode Il (Giic) fracture toughnesses of the coating/substrate constructs
would be measured.
Animal studies. The influence of the glass coatings on bone re-growth will be evaluated by
using the Hampshire-cross female sheep. A cubiod shaped hole will be drilled in the femur of
a sheep, and a coated Ti6Al4V implant will be inserted into the hole. After 6 months, a section
of the femur of the sheep containing the implant and the surronding bone will be removed and

analysed by histological techniques.
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