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Abstract

Portland cement (PC) is a ceramic hydraulic cement which has been used in construction
for decades and more recently for dental applications. PCs possess high durability and
compressive strength and demonstrate good biological responses, that are generating in-
terest as a potential material for orthopaedic applications. The present study investigated
the addition of porogens to induce large macropores e.g. > 100 pym to promote poten-
tial bone ingrowth, whilst retaining appropriate mechanical and physical properties for
vertebroplasty used to stabilise fractured vertebral bodies.

The cements containing 20 wt% bismuth oxide (radiopacifying agent) and 5 wt% cal-
cium chloride (setting accelerant) were prepared using a range of powder-to-liquid ratios
and porogens (including mannitol, sucrose and sodium bicarbonate or foaming agents)
were added from 1-20 wt% to induce macroporosity either after or during setting of the
cement. Increasing the concentration of sugars increased the initial setting time 3-fold,
whilst causing the cement paste to behave as a liquid. The compressive strengths of mod-
ified cements were reduced by up to 90 % after 7 days of storage through increasing flaws
and porosity. The macrostructural analysis using scanning electron microscopy (SEM)
showed no major difference between the modified cements and controls.

10 wt% foamed gelatine (FG) was found to improve the viscosity of the paste so

that it was readily injectable, and demonstrated sufficient cohesion after injection. FG



ii

doubled the setting time approximately and generated large interconnected pores ranging
from 100-400 pm in diameter according to SEM images. The compressive strengths of
foamed cements were sufficiently high after 7 and 30 days of storage to stabilise fractured
vertebral bodies.

The addition of 10 wt% FG has shown the potential to modify PC by inducing large
pores, whilst maintaining high injectability and compressive strength, which warrants

further testing for clinical application in verterbroplasty.
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Chapter 1

Introduction

1.1 Project background

Biomaterials play an important role in medicine due to the limitations of allografts and
autografts including the requirement for a secondary surgery, limited supply, morbidity
risk, infection and disease transmission [1, 2]. A biomaterial has been defined as “a non-
viable material which is used and intended to interact with biological system in medical
devices for augmentation or replacement of any tissue, organ or function of the body”
[1, 2].

Bone is a composite living tissue which serves as a mechanical support for the body
[3, 4]. Throughout its life, bone undergoes constant remodelling as it is subjected to
physiological and mechanical stresses [3, 4]. Bone defects may still occur as a result of
trauma, or bone disease e.g. osteoporosis (OP) or cancer. This can give rise to a loss of
normal bone function and ultimately bone fracture, which in the spine can cause vertebral
compression fractures (VCFs) [5, 6]. VCFs are the most common fractures experienced
by patients with OP and the highest annual incidence of fractures is reported to be 700,000

and 120,000 in the USA and UK respectively [7, 8, 9].
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Percutaneous vertebroplasty (PVP) is a common minimally invasive surgical tech-
nique used to treat patients with fractured vertebral bodies [6, 7, 8]. The main goal of
PVP is to stabilise the bone defect by injection of a bone cement [6, 10]. Therefore, the
ideal bone cement should possess high injectability for insertion, generate an appropriate
biological response, adequate mechanical properties and a reasonably short setting time
which facilitates placement but does not require extended operating theatre time [6, 10].

A common bone cement used for PVP is based on an acrylic cement known as poly-
methylmethacrylate (PMMA), which is the most widely used biomaterial for fixation of
prostheses and filling bony cavities [6, 10]. However, PMMA has various limitations in-
cluding thermal tissue necrosis due to its exothermic polymerisation reaction, lack of bone
anchorage and monomer toxicity [10, 11]. Another cement of interest is calcium phos-
phate cements (CPCs) that have demonstrated excellent biological properties but poor
mechanical properties, limiting potential use for PVP [6].

Portland cement (PC) is a ceramic cement which has been used extensively in the
construction industry [12, 6]. While in dentistry, PC is the major component of mineral
trioxide aggregate (MTA) which is an endodontic cement [12]. There is great interest in
using PC-based cements for PVP applications due to good durability, high compressive
strength and are capable of setting in in vivo environment and have exhibited appropriate
biological responses [5, 6].

In a recent study, a novel PC was developed by the addition of liquefying agents and

accelerants to PC, so that it was injectable, set within 20 min and possessed sufficient
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compressive strength [13, 14]. There are still challenges which need to be addressed to
make this novel PC a viable substitute to PMMA. It would be desirable to have a porous
interconnected structure to allow cell infiltration and a framework for the subsequent bone
ingrowth, whilst providing sufficient strength for the vertebral body [15, 16]. Hence, a
range of available techniques to introduce porosity was selected from the literature for the

present study.

1.2 Overview of the skeletal system

The skeletal system is composed of 206 bones along with joints and cartilages which

has several essential functions such as [3, 6, 17]:
* Support: serves as a structural framework and supporting soft tissues.
 Protection: protects internal organs such as the spinal cord.

* Locomotion: the majority of skeletal muscles are connected to bone to assist in

movement.
* Homeostasis: reservoir for calcium to improve the strength of bone.

Bone is composed of 50-70 wt% mineral phase, 20-40 wt% organic phase and the
remaining is water and lipids [3, 4, 18]. The main constituent of the organic phase is type
I collagen fibres positioned in different orientations to form a lamellar structure [3, 4].

The mineral phase is hydroxyapatite (HA) which is found within the framework formed
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by collagen fibres and ground substance [3, 4]. As the mineral crystals deposit within the
organic collagen matrix there is substitution over time with other salts and ions such as
calcium carbonate, magnesium and potassium [3, 17, 19]. Therefore, the combination of
the mineral and organic phases are responsible for the properties of bone [3, 4, 18].

Two types of bone either cortical or cancellous define the function and structure
present [4]. Approximately 90 % of cortical bone is mineralised providing sufficient
resistance to various stresses arising from support of weight and movement [3, 4, 17, 19].
In contrast, cancellous bone contains a honeycomb-like arrangement of rods and tra-
becular plates with only 20 % mineralised tissue, which reduces the overall weight of
bone [3, 4, 17, 19]. At the same time, this porous structure gives cancellous bone eight
times greater surface-to-volume ratio compared with cortical bone as shown in Figure 1.1

[3,4,17,19].

Compact

Figure 1.1: Cross section of dried bone indicating the cortical and porous cancellous
bone [20].
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1.2.1 Mechanical properties of bone

The structure of bone is complex and anisotropic, hence determining the exact values

for the mechanical properties of bone is difficult [3, 21]. Nevertheless, a wide range of

values have been presented in the literature (Table 1.1) [6, 15, 22]. It is crucial to note that

the strength of bone is dependent on bone type, composition, age and gender etc [3, 19].

Table 1.1: General mechanical properties of cortical and cancellous bones [3].

Bone property

Range

* Cortical bone
Compressive strength (MPa)
Elastic modulus (GPa)
Tensile strength (MPa)

* Cancellous bone
Compressive strength (MPa)
Elastic modulus (GPa)

130-230
15-35
90-190

2-9
0.1-3.5

1.3 Vertebral column

The vertebral column consists of 26 structural units called vertebra which protect the

spinal cord and provide support of the head whilst also allowing a range of movements

[4, 5]. The vertebrae typically consist of 75 % cancellous bone and 25 % cortical bone
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[4]. The vertebral column is divided into five regions: cervical, thoracic, lumbar, sacrum
and coccyx as shown in Figure 1.2 [4, 19]. Although vertebrae vary in shape, size and
function, there are a number of shared features, including a vertebral body and arch,
processes and pedicles (Figure 1.2 b) [4]. One of the most important parts of the vertebra
is the vertebral body which is the disc-shaped anterior portion, made of a thick cancellous
bone and a thin layer of cortical bone to form a porous, yet strong structure to withstand

loading [15, 23, 19].

a) b) Anterior

Pedicle

— Vertebral
body

7 Corvical vartebrae Transverse
process | [l B8

12 Thoracic vertobrae

[~ Vertebral
arch

1 st
E-U--; § Lumbar veriabrag
ToET

L.

rrraf?___*m
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Posterior

Sacrum

W b P Coccyx

Figure 1.2: a) Posterior view of the body showing vertebral column divisions. b) the

typical features of a vertebra [23].

1.3.1 Vertebral compression fractures

Impairment of bone function may occur from trauma caused by an accident or bone

disease, which is now emerging as one of the main public health issues especially within
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the elderly [8, 24, 25, 26]. The result of bone disease is bone structure deterioration,
which leads to fracture. The most common aetiology of VCFs has been reported as age
related osteoporotic vertebral compression fractures (OVCFs), which are associated with
sudden back pain [7, 8].

OP is “an ongoing systemic skeletal disease associated with diminished bone mineral
density (BMD) and alteration of bone microarchitecture” [7, 21, 18]. The main result of
OP is a substantial reduction in bone strength as the weakened bone cannot withstand the
mechanical demands placed upon it [6, 7]. OP affects a large proportion of women (4 out
of 10) due to oestrogen deficiency and it has been estimated that by 2020, the prevalence
of OVCFs will be increased by 50 % [26, 27]. The incidence of VCFs is generally higher

for women than men as shown in the Figure 1.3 [26, 28, 29].

Men Women
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Figure 1.3: Vertebral fracture incidence is relatively higher for women more than 60

years old compared with men [30].
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1.4 Percutaneous vertebroplasty (PVP) and kyphoplasty
(KP)

The typical treatment for VFCs is bed-rest, while in severe cases; plaster casts, back
braces and spinal fusion are all available options [28, 29]. There are a number of compli-
cations associated with these methods including expensive procedures, risk of infection
and high blood loss etc [27, 28, 29].

In 1987, Galibert et al. introduced a new minimally invasive technique called PVP as
an alternative treatment for those with VCFs [6, 31]. It was shown that PVP improves a
patient's quality of life by stabilising the weakened vertebral bodies as much as possible to
the functional vertebra [10]. Whilst, KP restores the height lost by resorbing vertebrae by
inflating a balloon within the vertebral column followed by stabilisation of the vertebral
body with bone cement [6, 10, 27].

The PVP procedure is generally performed under imaging guidance such as C-arm
fluoroscopy or in combination with computational tomography guidance to obtain fine
images [6]. During the surgery, the patient will be asked to lie in a prone position on the
X-ray table whilst sedated. Administration of local anaesthetic would reduce the possible
pain during the time of surgery [6, 32, 33]. It is generally preferred to assess needle in-
sertion and cement injection via anterioposterior and lateral radiographic guidance, while
the patient is stationary. The vertebral body is held in place by the insertion of Kirschner

wires through paraspinal muscle and pedicles [26, 32, 34, 35]. Afterwards, the surgeon
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inserts a bore needle (10-15-gauge) in the anterior third of the vertebral body up to the
mid-line. The bone cement is mixed and prepared to be injected immediately whilst using
live fluoroscopy to avoid any damage to the spinal column as shown in Figure 1.4 [26, 32].
The PVP procedure typically takes 1 h, but it may take longer if there are multiple frac-
tures. Patients will be required to stay in hospital for 6 h to be monitored before being

discharged [6, 10, 36].

Bore needles

(a) (b)

() (d)

Figure 1.4: Diagram summarising the vertebroplasty procedure: a) fractured vertebral
body, b) insertion of bore needle into the target site, ¢) and d) injection of bone cement
[6, 37].
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1.5 Ideal bone cement for PVP

Bone cements play a key role in the clinical outcome of PVP and there has been

widespread research and developments to exploit different types of biomaterials for PVP.

The most crucial physical and mechanical characteristics of bone cements are summarised

as below [10, 38, 39, 40]:

@)

(ii)

(111)

(iv)

Mechanical properties: bone cement should ideally possess high durability and
mechanical properties as close as possible to that of healthy bone for example, com-

pressive strength [10].

Setting time: the optimum setting time for PVP is normally stated to be approxi-

mately 20 min [10].

Injectability: if cement cannot be injected to the target site, it will have a significant
impact on the clinical outcome of PVP. The materials consistency should not lead to
a phenomenon called phase-separation during the injection period. Phase-separation
occurs when the liquid phase is extruded and leaves the majority of the solid phase

inside the syringe during the injection, affecting cement integrity [38].

High radiopacity: during surgery, live imaging is always used to allow the surgeon
to correctly insert the needle into the target site, while preventing any cement from
leaking into the surrounding tissues. It is highly desirable for bone cement to contain

a radiopacifying agent [6, 10].
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In addition to the requirements for physical properties, the ideal bone cement should
also fulfil biological properties to prevent the occurrence of complications during tissue-
biomaterials interactions which involves a cascade of inflammatory and wound healing

responses [10, 38].

(i) Bioactivity: this property is stated as “demonstrating a particular biological re-
sponse by the formation of a direct chemical bond between tissue and material”
[1, 2]. Mlustrating this property would allow a faster bone integration at the surface

of the biomaterial [2].

(i1) Osteoinductivity: “capability of inducing pluripotent stem cell differentiation into

osteoblastic phenotype” [41].

(iii)) Osteoconductivity: “providing a receptive scaffold for bone growth on its surface”

[41].

(iv) Porosity: a porous cement with sufficient interconnectivity would provide the suit-

able framework for fluid transport and bone ingrowth [3].

1.6 Current orthopaedic bone cements

1.6.1 Poly methylmethacrylate (PMMA) cement

PMMA has been used as the filler material for many orthopaedic applications. PMMA

was first used for cranioplasty in monkeys in late 1930s [6, 42]. This material is generated
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by mixing the powder and liquid phases together to initiate the polymerisation reactions
[42]. The powder phase consists of pre-polymers, methylmethacrylate (MMA) copoly-
mers, barium sulphate as a radiopacifying agent and benzoyl peroxide to generate free
radicals for the polymerisation reaction [38]. The liquid phase contains MMA, hydro-
quinone as a stabiliser and N,N-dimethyl-p-toluidine as an accelerator to allow polymeri-
sation at room temperature [43].

One of the main reasons for choosing PMMA for PVP applications, was its successful
history in total hip replacement performed by Sir John Charnley in 1960, through demon-
strating desirable properties including: high injectability, ease of handling, low cost, high
radiopacity and high strength of 80 MPa, which enables early stabilisation of the fractured

vertebral body which leads to immediate pain relief for the patient [43, 44].

1.6.1.1 Possible complications associated with PMMA

The exothermic polymerisation reaction of PMMA has been reported to reach up to
75 °C after injecting within human cadavers and could lead to thermal tissue necrosis
[45, 46]. The high temperature of polymerisation could also limit the incorporation of
antibiotics and growth factors, due to the risk of denaturation [6, 10, 45, 46]. Leaking
of MMA monomer into surrounding tissues has been shown to cause osteoblast necrosis,
osteocyte damage and blockage of blood arteries e.g. pulmonary embolisms which are
highly undesirable [42, 47, 48].

PMMA has been demonstrated to be an inert material with no bone integration on its
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surface [6, 45]. Alternatively, a fibrous tissue is formed around the material, isolating it
from the surrounding tissue which may result in bone cement fracture [6, 45]. There is a
great risk of cracks and dislodging of PMMA for younger patients due to a higher elastic
modulus of the PMMA compared with healthy bone which results in a secondary fracture

[49].

1.6.2 Calcium phosphate cement (CPCs)

CPCs are another type of bone cement which have been used for bone defect repair
since the 1920s [3, 50]. Brown and Chow developed the first self-setting CPC system
from tetracalcium phosphate and dicalcium phosphate dihydrate, which was injectable
and hardened in vivo [22, 50]. After CPCs were approved by the FDA for medical use,
widespread research on this material was carried out to produce other calcium phosphate
containing compounds [50, 51]. The setting chemistry of CPC is based on dissolution-
precipitation. However, the end-product primarily depends on the setting pH; thus, CPCs
are separated into two groups of hydroxyapatite for pH > 4.2, and acidic CPC i.e. brushite
when pH is < 4.2 [52, 53].

CPCs have a similar chemical composition to the mineral phase of bone, demonstrate
osteoconductivity, have sufficient porosity and set isothermally [54]. However, CPCs
are resorbable and do not possess high durability [52, 53]. Additionally, acidic CPCs
have poor mechanical strength and injectability, which limits their application for PVP

[53, 55, 56].
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1.7 Introduction of Portland cement (PC)

PC has the potential to replace PMMA for load-bearing applications and it is classified
as a hydraulic cement; which means that water is required to start the setting reaction and
hardening mechanisms [5, 12]. The main raw materials of PC consist of 60-75 wt%
calcium oxide (Ca0), 10-25 wt% silicon dioxide (Si0,), 2-10 wt% of alumina (Al,O3)
and 3-8 wt% iron (III) oxide (Fe,O3) [57, 58]. The raw materials are crushed and fired
together in a rotary kiln at 1500-1600 °C causing fusion and forming nodules (clinker)
[12, 59]. Calcium sulphate dihydrate (gypsum) will be then added at 5 wt% for controlling
the reactivity of clinkers [5]. Depending on the final constituents and the fineness of
PC powder, it can be divided into different types: I, II, III, IV, V and white PC (WPC)

[12, 60, 59].

1.7.1 Hydration of PC-based cements

PC is predominately composed of four anhydrous clinkers: 50-75 wt% tricalcium
silicate or alite, 4-30 wt% dicalcium silicate or belite, 7-10 wt% of tricalcium aluminate
and 5-15 wt% tetracalcium aluminoferrite [13, 58]. The dissolution of clinkers occurs at
different times and rates according to the reactivity of the individual phase, therefore, a
better understanding of PC hydration can be achieved by characterising the roles of each

clinker in the hydration mechanism [59, 61].
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1.7.1.1 Hydration of alite and belite

On contact of water with the powder phase, the alite and aluminate will immediately
begin to hydrate due to their higher reactivities compared with the other clinkers [6, 59].
Rapid dissolution of calcium and silicate ions causes a reaction with water to form a
porous calcium silicate hydrate (C-S-H) layer (Equation 1.1) with more than 20 polymeric

forms [60, 62].

2(3Ca0.5i0y) + 11H,0 — 3Ca0.Si05.8H,0 + 3Ca(OH )y (1.1)

Tricalcium silicate + water — calcium silicate hydrate + calcium hydroxide

Formation of C-S-H starts from a few nuclei and progressively grows outward to form
bundles of lath-like crystalline material, which forms an internal pores system called gel
pores (0.5-10 nm) [63]. The formed C-S-H gel and its internal pores occupy a greater
volume than the unhydrated reactants, and interconnects the reactants within 6 h to harden
the paste into a solid body [59, 63]. C-S-H is the main phase responsible for the strength
and durability of the PC [6, 13, 59]. Production of C-S-H is associated with precipitation
of another by-product, known as Portlandite, which is a rhombohedral calcium hydroxide
crystal that increases the pH to 11 [60, 59]. Belite is less reactive compared with alite

and its hydration starts after 10 days by forming smaller C-S-H bundles which, contribute
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towards the long-term strength of cement (Equation 1.2) [5, 6, 59].

Dicalcium silicate + water — calcium silicate hydrate + calcium hydroxide

1.7.1.2 Hydration of aluminate and ferrite phases

Tricalcium aluminate interacts with gypsum and water to form a layer of needle-like
crystals of hexacalcium aluminate trisulphate (ettringite) during the first 2 h (Equation
1.3) [6, 59]. Ettringite is responsible for early strength as well as improving workability

of the cement by delaying the hydration of the reactants [6, 60].

Tricalcium aluminate + gypsum + water — ettringite

In the absence of gypsum, the aluminate phase will react with Portlandite to form
calcium aluminate hydrate (C-A-H) according to Equation 1.4 [6, 60, 64]. Formation
of C-A-H is undesirable as it reduces the workability of the cement by causing an early
stiffening of the PC [6, 60, 64]. Following the consumption of the gypsum within 2
days, the resultant ettringite crystals react with the remaining aluminate phase to produce
calcium monosulphate according to Equation 1.5 [6, 60]. As the hydration continues for

several months, the hydrates will be precipitated which will slow down the hydration rate
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with the transition into a solid body by shifting from the setting phase to hardening (Figure

1.5) [59, 65, 66].

3Ca0.Al,Os + Ca(OH)s + 12H,0 — 4Ca0 AlyO5.13H,0 (1.4)

Tricalcium aluminate + calcium hydroxide + water — calcium-aluminate-hydrate

(1.5)

Ettringite + tricalcium aluminate + water — calcium monosulphate
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Figure 1.5: The adapted graph showing the steps involves in hydration of PC-based ce-

ments as a function of time. A) indicates the main hydration phases of PC and B) the

hydration phase of the aluminate phase [66].

1.7.2 Application of PC-based cement in dentistry

In 1990s, Torabinejad patented a new type of endodontic cement called mineral tri-

oxide aggregate (MTA) which met the criteria for a dental root filling [67]. MTA was

based on 80 wt% PC and 20 wt% bismuth oxide (Bi,03) as a radiopacifying agent. In

1997, MTA was FDA approved for dental applications and was commercially available
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as ProRoot MTA and MTA Angelus for vital pulp therapy and root perforation repair
etc [58, 12, 67]. Following the introduction of MTA, many studies reported good clini-
cal outcomes such as demonstrating an antimicrobial effect [68], dentinogenic properties
(dentine bridge formation) [69, 70], calcification [71] and superior sealing abilities etc
[72, 73]. These promising results are the driving forces for exploiting and expanding
PC 's application in the medical field such as drug delivery system and for load-bearing

applications [6, 68].

1.7.3 Biological properties of PC-based cement
1.7.3.1 In vitro studies

Biocompatibility is “the ability of the material to perform with an appropriate host
response in a particular application”, and is normally assessed via cell growth, gene ex-
pression, subcutaneous and direct contact of biomaterial with the body [1, 2, 74]. PCs
have been exposed to different cell types including human osteosarcoma cells (MG63)
[75, 76], mouse L929 fibroblasts and mouse macrophage [77] and rat osteoblast-like cells
[78].

All in vitro studies reported that exposure of freshly mixed MTA or PC to all afore-
mentioned cell types resulted in cell death and protein denaturation up to 3 days; whilst,
cell growth occurred normally beyond the lysed zone [6, 77, 79, 80]. Therefore, a con-
tinuous release of Portlandite during the hydration of the cement into the solution is more

likely to damage the cell membranes [66]. As hydration rate slows down, cells can re-
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cover from the injury due to dilution of the OH ions from the dynamic fluid flow in vivo
[77, 79, 80].

Conversely, Camilleri et al. reported that cell growth for the set cement after 28
days was significantly lower compared with 1-day [81]. This may have happened due
to the change in surface topography of cement after being exposed to extracellular fluid.
Therefore, there are multiple factors involved in tissue-biomaterial interactions [81].

PC has been shown to stimulate the formation of HA once immersed in physiological
fluids [82]. The interactions that occur between the PC and the storage media can be

summarised as below according to [82]:

1. The immediate dissolution of cement permits rapid exchange of Ca** with OH" to
form a solid-liquid boundary as well as Portlandite which increase the local pH.
Other ions such as Fe** and AI** may also be released which allow the formation

of mineral phases on the outer-surface.

2. The surface of calcium silicate phases are attacked by OH™ which hydrolyse the
silicate (SiO4*) and forms a porous C-S-H gel on mineral phases. The deprotona-
tion of silanol groups (Si-OH) into negative group SiO™ also occur due to alkaline

environment (Equation 1.6).

SiOH + H,0 — SiO~ + H30" (1.6)

3. The negative group on C-S-H could bond to calcium ions in aqueous solution create
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nucleation sites for the heterogeneous nucleation (Equation 1.7).

Si0~ + Ca*t — SiO — Ca*t (1.7)

4. The phosphate ions present in physiological fluid will be hydrolysed into HPO,?*",
which triggers a series of reactions to take place between calcium ions, silanol group

and phosphate ions according to Equation 1.8 and 1.9.

H,O + PO} — HPO;” +OH™ (1.8)

SiO~ + HPO3™ — SiO — HPO3~ (1.9)

5. The calcium ions continue to be released and cause the dual supersaturation of
Ca** and HPO,? thus, precipitation of Ca-P layer on the surface. As the hydration
continues and more nucleation sites are formed, the Ca-P rich surface will mature

into carbonated apatite since HA is stable at pH > 4.2.

1.7.3.2 In vivo studies

Saidon et al. implanted MTA and PC in the mandible of guinea pig for periods of 2 and
12 weeks which were then removed for histological analysis. Both materials generated a

similar tissue reaction by demonstrating a direct bone integration at the interface, with no
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sign of inflammation [79]. Moreover, Holland et al. also implanted white and grey MTA
in rat connective tissue and observed no difference between these two in terms of tissue

reaction [83, 84, 85].

1.7.4 Desirable physiochemical properties of PC for PVP

PC possesses many advantageous properties making it a suitable candidate for load-

bearing applications [6, 59, 60]:

» Setting in aqueous condition: presence of moisture and extracellular fluid allows
the continuous hydration of the PC which will subsequently increase its longevity

and strength [6].

* Less exothermic setting: the setting reaction of PC is shown to be almost isother-
mal with a couple of exothermic reactions in the first 10 min. The heat profile of
standard PC can reach as high as 29 J/g [13] within 2 h of the setting which is con-
siderably lower than PMMA setting (570 J/g), avoiding the risk of tissue necrosis

[86].

* Durability and compressive strength: PCs are durable bone cement and as the hy-
dration continues, the compressive strength of cement will increase overtime [59].
The early compressive strength of 54 MPa has been measured for standard PC at a
PLR of 4.0 g/ml, which is significantly higher than that of healthy cancellous bone

and CPCs [5, 6].
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* Radiopacity: bismuth oxide has been added successfully to PC-based cement,
which is important for monitoring the cement with radiography to prevent any leak-

age into the surrounding environment [67].

« Antibacterial effect: high alkaline setting of the PC has demonstrated an intrinsic

antibacterial effect however, the high pH could also result in cell death [87, 88].

1.8 Development of novel PC for PVP

A systematic review on calcium silicate-based cements has indicated that most PCs
possess a long setting time of 2-3 h [6, 58]. If used clinically this would require the patient
to stay in hospital for a longer time prior to being discharged. The long setting time also
implies that the cement is more prone to disintegration, which reduces the longevity and
durability of the cement [6, 58]. During the hydration of PC, combination of positive
and negative charges cause the agglomeration of cement particles and results in poor
handling and a low injectability (25 %). Recent studies have reported that the addition
of liquefying and accelerant such as calcium chloride and sodium citrate have improved

these limitations [13, 14, 61].

1.8.1 Addition of calcium chloride

The study by Wynn-Jones et al. in 2012 was the first research which directly addressed

the limitations of PC for PVP [13]. In this study, the addition of 5-10 wt% calcium
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chloride to PC at a PLR of 4.5 g/ml reduced the setting time from 120 min to less than
20 min, which was comparable with the setting time of PMMA. Additionally, 10 wt%
calcium chloride appeared to act as a liquefying agent by neutralising the surface charge
of the cement through a series of reactions between calcium chloride and silanol groups
of C-S-H, Portlandite and other salt. These interactions reduced the number of oppositely
charged particles, thus created a repulsion force to increase the injectability of this novel
PC from 25 to 95 %. Meanwhile, the addition of 5 wt% calcium chloride improved the
compressive strength to a level comparable with PMMA, by formation of more ettringite
during the first 2 h compared with the control which, contributed toward the early strength

of the cement [6, 13].

1.8.2 Addition of sodium citrate

Adding a low concentration of citrate anions to the CPCs has been shown to act as
a retardant [22]. At the same time, Wynn-Jones ef al. demonstrated that the addition of
more than 1 wt% citrate to PC acted as both accelerant and liquefying agent [14]. Al-
though the exact mechanism of how citrate anion changes between acting as a retardant
and accelerant is not well understood. It was shown that the addition of 2 wt% sodium cit-
rate was enough to improve the injectability to 91 % by creating an electrostatic repulsion
between negatively charged particles. The setting time was also reduced to 24 min, and
the compressive strength increased to 125 MPa within one day [6, 14]. These studies led

to the development of a novel PC which fulfilled the primary requirements for the PVP.
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1.9 The significance of porous bone cement

Although studies by Wynn-Jones et al. overcame the major issues associated with
PCs [13, 14], the bone cement should still provide a suitable framework for cells attach-
ment throughout the bulk structure to allow the bone formation [89]. Thereby, presence
of sufficient porosity has emerged as one of the crucial requirements for vertebroplasty
(Table 1.1) [90, 91]. Pores are classified as interconnected or non-interconnected [41].
Depending on the composition of bone cement, the amount of intrinsic porosity can be
different. Both biological and mechanical properties of cement are highly dependent on

the porosity which will be discussed as below [41]:

 Effect of porosity on biological properties: the porosity of porous bone cements
is often measured, however, no optimal porosity for bone ingrowth has been stated
within the literature. Although multiple studies reported that a high porosity (> 50
%) enhanced osteogenesis [41, 92, 93, 94, 95]. In addition to porosity, other relevant
parameters of the porous cement including interconnectivity of pores, pore size and
pore size distribution must be characterised as well [96, 97]. At the early stage of
implantation, the formation of new blood vessels is a prerequisite for bone ingrowth.
Studies indicated that presence of open pores with the size of 50 ym provide the
path for vascularisation and nutrient transport for survival of cells [41, 92, 98].
Characterisation of pore size is also essential as studies demonstrated that macro-

pores (> 100 pm) provided a higher surface area available for cell attachment and
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subsequent differentiation [99, 100]. Meanwhile, micropores (< 100 pm) were in-
volved in higher protein adsorption, ionic exchange and bone cement resorption
[15]. CPCs with 20-40 % porosity are considered as a porous bone cement com-
pared with PC which has a porosity of 20 %. In both cement systems, the pores
are nano-micron sized and lack the large interconnected pores to enhance bone in-

growth [6, 12, 51, 52].

* Effect of porosity on mechanical properties: the porous bone cement should be
able to possess sufficient strength to stabilise the vertebral body [10, 38]. Pres-
ence of pores and micro-channels allow the hydration and setting of the cement
[60]. Takahashi ef al. showed that during the early stage of cement's hydration,
the strength of cement was mostly dependent on the amount of porosity. Likewise,
the freshly made paste contains large unfilled spaces with high water content and
increasing the porosity results in a loss of the integrity of the material [101, 102].
Apart from induction of pores artificially by additives, porosity may stem from two
main sources: 1) unconsumed water in the setting reaction and ii) entrapped air in
the paste due to dry agglomerates of powder and air bubble [14]. According to
Griffith's theory (Equation 1.10) there is a direct relationship between pores and

strength for PCs and CPCs systems [102].

EO R efconstant RP (1 . 10)
T.C

Compressive strength =
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Ey = Modulus at zero porosity, R =Fracture's surface energy

c =Critical flaw size, RP =Relative porosity

Porosity exponentially affects the compressive strength of cement, while, the square
root of flaw size is inversely proportional to the strength. To favour bone ingrowth
and vascularisation, a highly porous bone cement is needed, whereas to ensure early

stabilisation of the vertebral body, a strong material would be required.

1.10 Current methods to induce porosity

Various strategies have been developed over the last two decades to induce macrop-
orosity in scaffolds and bone cements [15]. The methods used for self-setting cements are
entirely different from those used for ceramic scaffolds, since the porosity in scaffold is
introduced during the sintering stage or by toxic chemicals [15]. Therefore, introduction
of macroporosity in the self-setting bone cement becomes challenging and limited to two
main strategies: i) before and ii) after the cement is set as shown in Table 1.2. Regardless

of which process is used, the following requirement should always be fulfilled [15, 103]:
* Minimum interference with cement setting reaction.
* Maintaining the cohesion and injectability of the bone cement.

» Possessing sufficient strength to prevent the collapse of the fractured vertebral

body.



Table 1.2: List of the most common techniques to produce a macroporous cement.

Approach Technique Type Additive Macroporosity (%) Pore size (um) Reference
After setting Leach-out Soluble particles Mannitol, sucrose 17-64 120-270 [104, 105, 106]
Fibres Polyglactin 910 25-35 320 [107, 108, 109]
Aramid, carbon 2-10 10-200
Microsphere Gelatine 45-55 20-37 [110]
Emulsion Oil-water Paraffin/sorbitan 52-65 100-900 [111,112]
Template  Positive/negative  Polyurethane/resin 25-55 400-1000 [113, 114]
replica
Before setting Bubbles soluble powders  Sodium bicarbonate, 13-20 100-170 [106, 115, 116]
hydrogen peroxide 11-36 210 [117]
Foams Foaming agent Gelatine, 15-30 30-100 [118, 119, 16]
polysorbate 80
Rapid 3D printing 12-27 [120, 121]

proto-typing
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Of the methods listed in Table 1.2, not all are applicable for the PVP procedure, since
some methods require a complex preparation which is undesirable for a self-setting ce-
ment [117, 120, 121]. For this reason, the most common and established methods for

self-setting bone cement will be discussed in the following sections.

1.10.1 Soluble porogen substance

Various water-soluble porogens including mannitol, sucrose and frozen sodium phos-
phate particles have been added to CPCs and were subsequently removed by storing in
an aqueous environment to induce macropores in the shape that crystals previously occu-
pied [105, 106]. The majority of research focused on using mannitol and sucrose due to
suitable solubilities during the setting of the cement (within 5 days) [105, 106]. Markovic
et al. indicated that the addition of 10 wt% mannitol to CPC at 4.0 g/ml created only 11
% porosity after 20 h of setting [105]. Takagi and Chow showed that by increasing the
mannitol content to 40 wt% and lowering the PLR to 3.0 g/ml, the porosity elevated to
70 % with pores of larger than 100 um [122]. However, the compressive strength was
rendered to only 1 MPa which was lower than the healthy cancellous bone [122].

Takagi et al. also indicated that the addition of 25 % sucrose to CPCs at 4.0 g/ml
successfully induced 50 % porosity with the pores in the range of 100-300 um after 3
days, however, the diametral tensile strength was 3 MPa [106].

Tang et al. investigated the effect of mannitol on the biological responses of the CPCs

[123]. It was shown that human umbilical cord stem cells-encapsulated CPCs contain-
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ing mannitol significantly elevated mineralisation, alkaline phosphatase and osteocalcin
expressions after 14 days compared with control due to the increase in the porosity [123].

The common features in all these studies is that for fabrication of a highly porous bone
cement with sufficient interconnectivity, a large amount of porogen is required which

significantly reduced the strength of the cement.

1.10.2 Creating porosity by using bubbles

Additions of compounds such as hydrogen peroxide and sodium bicarbonate to CPCs
and PMMA have been shown to increase the porosity by generating bubbles during the
setting of the cement [117, 124, 125]. Within the engineering literature, there are a few
studies that have reported that the addition of 5-8 % hydrogen peroxide to PC, created
a lightweight foamed concrete [117, 126, 127]. However, using such a high dosage of
hydrogen peroxide can have serious problems for medical applications including DNA
breakage in mammalian cells [128]. Therefore, hydrogen peroxide may not be a suit-
able candidate for self-setting cements compared with scaffolds which are normally con-
structed prior to implantation.

In 2002, Del Real et al. reported that mixing of 10 wt% sodium bicarbonate with the
liquid phase containing citric acid induced 55-70 % porosity with the average pore size of
100 pm in CPCs by introducing CO, bubbles [115, 116]. This formulation significantly
reduced the injectability and the early compressive strength of cement to 2 MPa [115,

116].
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Kai et al. in 2009, reported that the addition of 5 wt% sodium bicarbonate to brushite
cements induced up to 65 % porosity. A lot of pores were between 100 and 300 pzm, which
were favourable for cell migration and proliferation. Additionally, the 3-day compressive
strength of the porous cement was 11 MPa which was significantly higher than identified
values within the Del Real study, possibly due to difference in the starting materials and
the concentration of sodium bicarbonate [124]. These compounds have shown promising
results for CPCs, however the risk of embolism due to introduction of bubbles after the

cement is implanted cannot be neglected [15].

1.10.3 Foaming agents

Fabrication of CPCs foams using foaming agents (so-called surfactants) has become
an attractive method to induce pores throughout the setting of the cement [15, 119, 16].
This can be achieved by reducing the interfacial surface energy between liquid-gas inter-
faces via their amphiphilic nature to stabilise the formation of bubbles in the liquid phase
[15, 119, 16]. For the development of a successful self-setting foamed cement, there are
number of important criteria which should be considered for choosing the correct foaming

agents [15]:
1. Water soluble
2. Non-toxic

3. No adverse effect on the setting of the bone cement
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Foams are based upon colloidal system which consists of an internal phase (bubbles)
and a continuous phase (liquid) [15, 119]. Fabrication of foams can be obtained by two
main routes: i) mechanical stirring of the solution and ii) air pressuring of the foaming
agent [15]. From the thermodynamic point of view, foams are not stable thus, during their

lifetime the following steps take place which can be identified as follows [15]:

1. Formation of the foam by creation of a turbulent flow.

2. Maturation of the foam prior to the setting of the cement by continuous disruption
of the foam. This could happen by gravitational separation of liquid, which causes
a thinning of the bubble's wall and merging of small and large bubbles due to the

pressure difference.

3. Hindering the foam to collapse during the setting of cement which generates a solid

foamed cement.

Foaming agents are divided into two main categories according to molecular weight
(MW) of either low or high [129]. Synthetic surfactants have low MWs and are mostly
toxic by interfering with homoeostasis and damaging the cell membrane [15].

Polyoxyethylene-sorbitan-20-monooleate (polysorbate 80) is a non-ionic surfactants,
which has been used in medical applications such as solubilising agent for creams, lo-
tions, or as anti-cancer agents [16, 130]. Polysorbate 80 is derived from polyethoxylated
sorbitan (hydrophilic), and oleic acid (hydrophobic tail). Synthetic surfactants have been

shown to be more efficient in foaming capacity with a good foam stability and eliminate
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the risk of immunogenic response which may occur for natural surfactants [15, 131].

Proteins are natural high MW surfactants with the foaming property relies on to the
creation of a flexible interfacial film via its adsorption and unfolding at the surface which
entraps air to create pores [15, 119]. Gelatine is an amphiphilic protein with an excellent
foaming property and it is derived from a thermally-denatured collagen from skins or
bones of animals [15]. The structural unit of gelatine is composed of multiple glycine
(every 3 residues), 4-hydroxyproline and proline residues [132]. Gelatine is usually used
in manufacturing of tablets, wound dressing and a gelling agent due to its temperature-
dependent behaviour. A transparent thermoreversible gel forms when gelatine is cooled
below its gelling point of 35 °C [15, 119].

A recent study showed that the addition of 5-20 wt% gelatine to CPCs at PLRs of
1.25-2.50 g/ml successfully increased the porosity of the cement to more than 60 % with
no significant effect on the initial setting time of the cement [119]. In addition, the com-
pressive strengths after 7 days of the setting for control, 10 wt% and 15 wt% foamed
gelatine were 29.0, 15.5 and 11.3 MPa respectively [119]. Montufar ef al. indicated that
the addition of polysorbate 80 instead of gelatine induced larger and more interconnected
pores to accommodate cell attachment [16, 131]. On the other hand, gelatine has an im-
portant advantage over synthetic surfactants and that is improving the injectability of the
cement [16]. Additionally, the osteoblast attachment and spreading in vitro were higher
compared with polysorbate 80 due to presence of the adhesive peptide motif in gelatine's

composition [16, 131].
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1.11 Aims of the present study

To date, PMMA remains the main bone cement being used for the PVP procedure.
However, due to multiple disadvantages associated with PMMA, alternative materials
are being actively researched. To establish a PC-based cement as a viable candidate for
PVP, further modification of this novel cement by inducing large interconnected pores is
necessary.

Radiopacifying agent is a very important component of the bone cement for PVP to
allow live monitoring of the bone cement with radiography. Previous studies by Wynn-
Jones et al. did not include bismuth oxide in the novel PC model system. To address this
shortcoming the main aim of the first chapter of the present study will be establishing a
new PC model system containing 20 wt% bismuth and a range of established additives
at different PLRs. The key properties of the material including setting time, injectability,
compressive strength and porosity will be measured to select the most appropriate formu-
lation for the following experiments. During the initial stage of this study, the influence
of cement ageing will be assessed on the effectiveness of additives using complemen-
tary techniques such as Fourier transform infrared spectroscopy (FTIR), SEM and X-ray
diffraction (XRD) to characterise the setting of the PC.

Prior to the commencement of this research, there was no preliminary study on the
methods to induce macroporosity in PCs for the biomedical applications. Therefore, a
range of porogens will be selected and studied in the next two chapters to evaluate the

influence of each porogen on the setting times and injectability of the PC. Other important
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properties of the modified cement including compressive strength, total porosity and strut
density will also be assessed. The modified cement will be then characterised in terms of
macro and microstructural differences using SEM

Following the development of the potential porous injectable PC, further characteri-
sation of the porous cement will be carried out by immersion of the material in various
physiological fluids to mimic in vivo conditions. The crystalline phase of porous cement
will be examined using XRD, while mercury intrusion porosimetry (MIP) will be used to
measure the interconnectivity of open pores to select the best formulation which, fulfils

both mechanical and biological requirements.



Chapter 2

Materials and Methods

2.1 Materials

All the chemicals used in this study were from Sigma Aldrich except where stated.

2.1.1 PC model system

The PC model system in this study consisted of type II grey Portland cement (Blue
circle, Mastercrete, Lafarge, UK) due to its high early strength as previously established
by Biomateruals unit at University of Birmingham [6, 102, 5]. Bismuth (III) oxide was
added at concentration of 20 wt% to the powder phase as a radiopacifying agent [5, 102].

Different liquefying agents were used throughout this study:
* Chapter 3: 5-10 wt% calcium chloride and 2-5 wt % sodium citrate
* Chapter 4 and 5: 5 wt% calcium chloride

Cement powders and additives were ground together using a pestle and mortar for 10 min
to achieve a homogeneous cement mixture. Distilled water (DW) used as the liquid phase
and was added to the powder phase at different PLRs of 3.0 to 5.0 g/ml for chapter 3

36
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and 4.0 to 5.0 g/ml for chapters 4 and 5 respectively. Throughout this thesis, the number
in parentheses specifies the PLR used. Cement slurries were produced by hand mixing

powder and liquid phases thoroughly using a spatula for 2 min [5].

2.1.2 Sample preparation of macroporous cement

For chapters 4 and 5, different methods of inducing macroporosity including soluble
porogens, introducing bubbles and foaming agents were investigated as described in the

following sections.

2.1.2.1 Soluble porogens

Mannitol and sucrose powders were used to modify the cement. The porogens were
added to the powder phase at different wt% of 1, 5, 10 and 20 according to the Equa-
tion2.1 [122].

P
weight % = ( rogen

100 2.1
Porogen + PC powder) v @

2.1.2.2 Sodium bicarbonate

Sodium bicarbonate powder was added to the powder phase according to Equation 2.1
in order to compare the effect of compounds which introduce bubbles on the PC-based

materials.
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2.1.2.3 Foaming agents

Type B gelatine powder and polysorbate 80 were used as foaming agents. Firstly,
these foaming agents were dissolved in DW at concentrations of 5, 10 and 15 wt% ac-
cording to Montufar ef al. [16]. The foaming process was modified from previous studies,
by agitating the foaming agent solutions via magnetic shaker (Fisher Scientific, UK) at
1200 rpm for 4 min. The foaming process for gelatine was performed at 50 °C to pre-
vent gelation. Afterwards, the foamed liquid was added to the cement paste (Figure 2.1)

according to Equation 2.1, in order to minimise the shear stress and breaking down of

bubbles.

Foam phase l Cement paste

ALJ

Setting l

Figure 2.1: The addition of the foam phase to the paste to reproduce foamed cement.
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2.2 Methods

2.2.1 Setting time measurements

Four grams of freshly made cement slurry (n = 3) were prepared and placed in a 12-
well plate (Thermo Scientific, UK) with a surface area 4.0 cm? [5]. Once the cement paste
was placed in the well plate, the surface of the cement was flattened by spatula and the
initial setting time measurement was performed using a light Gilmore needle with 113.98
g weight and 2.11 mm diameter (ASTM C266-99) [6, 5]. The indentation was performed
under laboratory conditions (22 + 2 °C) by applying the needle at 90 ° to the surface of
the cement as shown in Figure 2.2 and it was repeated every 10 min until no indentation

was observed [6, 5].

Gilmore needle

Figure 2.2: Schematic representation of Gilmore needle indentation on the surface of
the cement. Needle was repeatedly applied until no indentation was observed which was

determined to be the setting time.
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2.2.2 Injectability measurement

Four grams of cement slurry were prepared (n = 4) and immediately transferred into
a 5-ml disposable syringe (BD Plastipak, USA) before measuring the weight of syringe
containing cement using an analytical balance (Pioneer Plus, USA) with accuracy of 0.001
g. A universal testing machine (Instron 5544, UK) with a 2 kN load cell was used to
extrude the cement slurry through the syringe (outlet diameter = 2 mm) exactly 2.5 min
after mixing the cement (Figure 2.3). The cement was extruded into the bijou within the
wooden jig at a cross-head speed of 30 mm/min either until the cement was fully extruded
or a maximum applied force of 100 N was achieved according to Wynn-Jones et al. [6].
The weight of remaining cement was measured after the test was finished to calculate the

percentage of injectability according to Equation 2.2.

M;
Injectability (%) = i 2 100 (2.2)

M; = Mass of injected cement (g)

Mo = Mass of original cement (g)
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Cross-head

Plunger

Syringe
with PC
cement

2 kN
load cells

Figure 2.3: Schematic set up for the injectability measurements and how the cross-head

pushes the plunger down to extrude the cement into the bijou within the wooden jig.
2.2.3 Foamability and foam stability of foaming agents

By measuring the increase in volume of solution containing foaming agent, the foam-
ability of the foaming agents was characterised according to the Equation 2.3 [118, 16].
For each concentration, the test was repeated three times to measure the average values.

Ve =V)

Foamability (%) = ( v
1

)z 100 (2.3)

V¢ = Volume increased after foaming (ml)
V| = Initial volume of foaming agent solution (ml)

Afterwards, the foam stability was measured according to the method explained by
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Montufar et al. Briefly, 10 ml of foam liquid (n = 3) was transferred into a Falcon tube
and the time it took to form 1.4 ml of liquid at the bottom of tube was recorded [118, 16].

A reference liquid was used for comparison as shown in 2.4.

elBE

— Remaining foam

»

Falcon tubs
-+

Placing
foam

10 ml! foam

Reference

1.4 ml liquid 14 mlhomd
= v_ .

Figure 2.4: Foam stability procedure involved placing 10 ml foam in a Falcon test tube
and measuring the time it took to form 1.4 ml of liquid at the bottom according to the

reference tube.

2.2.4 Storage media

Phosphate buffered saline- Dulbecco A (PBS) tablets without calcium and magnesium
(OXOID, UK) were dissolved in DW according to manufacturer instruction. Afterwards,
20 ml of different media at a pH of 7.4 4 0.1 including DW, PBS and PBS supplemented
with 10 % foetal calf serum (FCS) and 1 % antibacterial agent; penicillin/streptomycin
(denoted as PBS/FCS) were used to investigate the effect of different media on the hy-
dration of cement. Simulated body fluid (SBF) was prepared according to dual-solution

formulation (Solution A and Solution B) previously described by Bohner et al. (Table
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2.1) [133]. All solutions were sterilised either by filtering through a 0.22 ;m membrane
(Millex, Merck, Germany) or autoclaving at 121 °C for 2 h. The media were either
changed on the daily basis (dynamic) or kept unchanged (static) throughout the exper-
iment to investigate the effect of static and dynamic regimes on setting of the cement
[134].

Table 2.1: Dual-solution preparation of SBF according to Bohner et al.

Starting materials Solution A Solution B
Weight (g/1) Weight (g/1)
NaCl 6.129 6.129
NaHCO; 5.890
Na,HPO,.2H,0 0.498
CaCl, 0.540
Volume of HCI solution (ml/l)
HCl1 1.00 M 0.934 0.934

2.2.5 Compressive strength measurement

To identify any changes in the bulk material property following the addition of poro-
gens, compressive strength of the cement was measured. Cement slurries were cast either
by spatula or 5-ml disposable syringe into a poly tetrafluoroethylene (PTFE) mould (6
mm diameter and 12 mm height). Cements were left to set for 6 h in the incubator (Hy-

baid, Thermo Hybaid, UK) at 37 &= 1 °C [5]. The set cements (n > 7) were removed and
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incubated further in different media at a liquid-to-cement volume ratio of 60:1 [134] for
different time periods to assess both short and long-term strengths according to following

regimes:

* Chapter 3: Samples stored in DW for 1 day.

* Chapter 4: Samples stored in DW for 7 days to allow complete dissolution of

porogen .

* Chapter 5: Samples stored in different media for 7 and 30 days in DW, PBS/FCS,

PBS and SBF.

At each time interval, the cements were removed from the incubator, weighed and the
diameter and height of individual cylinder were measured at top, middle and bottom using
a digital vernier calliper (Duratool, UK) with accuracy of £ 0.01 mm. Wet compressive
strength was measured using a universal testing machine (MTS criterion 42, USA) at a
cross-head speed of 1 mm/min using a 5 kN load cell (Figure 2.5). The mean wet CS

(MPa) was then calculated according to the Equation 2.4 [5].

Compressive strength = = 2.4)

L =Load (N)
A = Cross section area (mm?)

d = Diameter (mm)
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Compression force

L

Tensile
stress

R

Compression force

Figure 2.5: Schematic diagram indicating compressive strength testing and how the com-

pression force translate into shear and tensile stresses.
2.2.6 Weight loss experiments

After mechanical testing, large fragments for each group were weighed and dried
in the desiccator until a constant weight was achieved. The wet density (g/cm?®) was
calculated using the wet mass and the volume of the cylindrical sample using Equation

2.5 [5].

m

Wet density = .2 h.1000

(2.5)

m = Mass of fragments (g), r= Average radius (mm), h= Average height (mm)
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From the obtained values from Equation 2.5, the apparent dry density of cement- that
is the density of cement including pores and void spaces- was calculated using Equation
2.6.

Wp

Pdry = W_W X Pwet (26)

pary = Apparent dry density (g/cm?)
pwer = Apparent wet density (g/cm?®)
Wp = Dry weight of fragments (g)

Wy = Wet weight of fragments (g)

2.2.7 Calculation of total porosity

The strut density of sample that is the specific density of the cement excluding pores
and void spaces was measured using a helium pycnometry instrument (Ultrapyc 1200e,
Quantachrome, USA). Following on from the strut density results, the mean percentage
of total porosity was calculated (Equation 2.7) for each group to help interpret strength
data [5, 66].

Total porosity (%) = [1 — (M)] 2 100 (2.7)

Pstrut

pary = Apparent dry density (g/cm?)
Pstrar = Strut density (g/cm?)
To estimate the amount of extra porosity, it was assumed that all the extra porosity

was introduced by the foaming agent, and the control specimen contained only intrinsic
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porosity [16, 131]. Hence, the extra porosity was calculated from the apparent densities

of foamed PC and control according to Equation 2.8 [16, 131].

Extraporosity (%) = [1 — ( pre )] 2100 (2.8)
PUFC

prc= Apparent dry density of foamed cement (g/cm?)

purc= Apparent dry density of unfoamed cement (g/cm?)

2.2.8 Investigation of the effect of porogens on the materials constant

To investigate whether the porogens would change materials constant of PC, the strengths
and porosity data for different groups were used to plot the natural logarithm of the com-
pressive strength against relative porosity according to Griffith's theory (Equation 1.10)

[101, 102].

2.2.9 Solubility test

The solubility of the foamed cement was assessed for up to 30 days different media
using cylindrical samples (n = 3). The set cements after 6 h were extracted from the
mould and the initial mass (mg) of cement for each condition was measured. Afterwards,
the samples were stored in 20 ml of PBS and PBS/FCS at 37 + 1 °C which were refreshed
on a daily basis. At each time interval, the samples were removed from the media and

stored in a desiccator until their weights were stable and the dry mass (m;) was measured.
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The percentage of solubility of different PC formulations were then calculated according

to Equation 2.9 [135, 136]

mo — my

Solubility (%) = ( ) 100 (2.9)

my

my = Initial mass (g), m; = Dry mass (g)

2.2.10 Cohesion test

The porous PC should demonstrate sufficient consistency to prevent any disintegra-
tion after injecting within the body. To mimic in vivo conditions, a polyester sponge
was immersed in the DW at 37 = 1 °C for 1 h, and the cement paste was injected into
the sponge using a disposable syringe (Figure 2.6). The cohesion of cement paste was

assessed visually for disintegration of paste immediately after the injection for 2 h.

Figure 2.6: Image was taken during injection of cement paste into the polyester sponge

to assess the cohesion of the paste.
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2.2.11 Fourier transform infrared (FTIR) spectroscopy

To monitor the initial setting reaction of the PC with or without foaming agent, 1
g of freshly mixed cement paste was prepared. The attenuated total reflectance (ATR)
technique of FTIR (Nicolet 6700, Thermo-Scientific, UK) was used to monitor the set-
ting reaction at 37 £ 1 °C [5]. The glass slide was used to cover the cement to prevent
drying during the experiment as shown in Figure 2.7. The FTIR absorbance spectra were
recorded using mid-IR 4000-400 cm™! after 60 and 120 min of hydration at a resolution
of 6 cm™ and scanning times of 32 [5]. To analyse the outer-surface of cements stored
in different media after 7 and 30 days, disc-shaped cements (10 mm diameter and 2 mm
height) were prepared. To ensure continuous contact between disc sample and the ATR

diamond, a pressure unit was used when collecting the data.

4 : - . ‘ o i 2 Glass slide to prevent sample drying out
Cement in contact with evanescent wave (approx. 2 pmn penetration.)

=
i

Infrared beam To detector to plot the absorbance spectrum

ATR diamond crystal

Figure 2.7: Schematic diagram illustrating multiple reflections of infrared beam which

create evanescent waves to protrudes beyond the ATR crystal into the cement.
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2.2.12 Scanning electron microscopy (SEM) analysis

For imaging the the outer and inner surface of dried fragments, a Zeiss EVO MA-10
SEM was used to distinguish any topographical difference between controls and porogens
containing groups. Carbon tab (Agar Scientific, UK) was used to attach the fragments
on aluminium stubs. The immobilised cements were then gold sputter coated (K550x,
Emitech, UK) twice, to reduce the charging effect. The gold-sputtered cements were
analysed by SEM at accelerating voltages of 5-20 kV at different magnifications from

x40-6500.

2.2.13 Energy dispersive X-ray spectroscopy (EDS)

After SEM, the surface of cement was irradiated with electrons and the emitted X-rays
by the elements were recorded using Inca detector (Oxford instrument, UK). Elemental
analysis was carried out at three different locations to measure the average elemental wt%
composition. The average wt% for each element was used to calculate the observed ratio
for element pairs e.g. Ca/O, in order to compare it with the theoretical ratios. The percent-
age of difference in observed and theoretical ratios for each element pair was calculated

using Equation 2.10 [5].

observed ratio

B 100 2.10
theoretical ratio) :1: ( )
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2.2.14 Image analysis for pores size distribution

Pore size at any particular point is defined by “the diameter of the largest sphere which
is completely within that pore” [41, 137]. Thereby, by connecting the pore diameters to
each other the pore size distribution could be determined [137]. All image analysis was
performed as described in the flowchart (Figure 2.8) using Fiji (distribution of ImageJ
software, USA) according to an established method by Vyas et al [138, 139]. To nor-
malise the obtained results, same area was selected as a region of interest randomly for 6

images per group.

+ Select and crop region of interest (ROI) with the same
Extract area for six images per group.

Same area

+ Enhance the contrast of ROI by 5 % 1o increase the B

contrast between background and pores.

i ety + Smooth the image to further allow easier
images segmentation of images.

~
+ Trainable Weka Segmentation Plugin, Fiji
Segmentati
24
7y
* Remove objects < 400 pixels
images J
~
« Diameter (d) =2 \/A/n
diameter 4

Figure 2.8: Flow chart highlighting the main steps in image analysis including selecting
the area to pre-process the image, following by segmentation and post-processing stage

to calculate pore diameter distribution.
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* Pre-processing of images: The selected area for all images were processed by
decreasing the brightness and increasing the contrast by 5 % using “enhanced con-
trast” plugin. The image was then smoothed using “smooth” plugin for a better

recognition of pores from background.

* Segmentation: The porosity was segmented from cement surface using “Train-
able Weka Segmentation” plugin which used a collection of algorithms to generate
pixel-based segmentation of image. Each image will be binary pixel classified into
pores (red colour) and surface (green colour) which the user can add traces to both
classifications. If needed the segmented image can be further modified by the user

to retrain the classifier for a better result.

* Post-processing of images: The segmented image was then converted to a binary
image and any object of smaller than 400 pixels was considered as noise and was
eliminated from analysis prior to using the “Analyse Particle” plugin. The obtained
results were used to calculate the average frequency of pores diameter for different

PC formulations.

2.2.15 Mercury intrusion porosimetery (MIP)

Mercury intrusion porosimetry (MIP) (AutoPore IV 9500, Micromeritics, UK) was
used to measure the entrance pore size distribution of open pores for unmodified and

foamed cements between 0.005-500 pum. The analysis was performed using a continuous
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intrusion of a non-wetting liquid i.e. mercury into the tested sample under controlled
pressure. The instrument then measured the volume of intruded mercury to achieve pore

size distribution using Equation 2.11 [140].

—4~ cost
D= —— 2.11
Iz (2.11)

D = Diameter of entrance pore (xm)
~ = Surface tension of mercury (N/m)
f = Contact angle between pore wall and mercury

P = Applied pressure (N/m?)

2.2.16 Phase composition analysis using X-ray diffraction (XRD)

Dried fragments (n = 3) were flattened using P400 silicon paper prior to XRD analysis.
Data sets were collected from 26 = 5-40 ° to detect the crystalline components using a
Bruker Diffractometer (D8 Bruker, Germany). Data was baseline corrected in MATLAB.
Peak identification was then carried out using ICSD data base using X'Pert HighScore for
calcium hydroxide (PDF ref. 04-010-3117), bismuth oxide (PDF ref. 01-072-0398) and

calcite (PDF ref. 00-05-586) [5, 6, 141].
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2.2.17 Statistical analysis

All the raw data were tested for normality prior to further analysis using SigmaPlot
software (Version 12.5, UK). The appropriate statistical test was then carried out such as
t-test, one-way analysis of variance (ANOVA) and two-way ANOVA at a significant level
of p <0.05 followed using multiple comparison within groups using post-hoc Tukey tests.

Ceramic materials, including PCs, contain flaws of different size and orientation,
which lead to a variability of strength data [6, 142]. Therefore, the measurement of a
single average value may not be adequate to predict the performance of the ceramic mate-
rial [6, 142]. A probabilistic approach can be used to describe the distribution of strength
data using Weibull theory. According to this theory, the failure of a specimen occurs by
the weakest link, and Weibull distribution can be used to quantify the reliability of mate-
rial using Equation 2.12 [6, 142].

0 — Omin

Pr=1—exp[-V( )" (2.12)

0o

P; = Probability of failure

V = Volume of sample

o = Failure stress (MPa)

Omin = Threshold stress (MPa)
0o = Scaling constant

m = Weibull modulus
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As Weibull modulus describes the “brittleness” of a ceramic material, a close grouping
of the compressive stress is an indication of a higher value of Weibull modulus. P is

the failure probability which varies from 0-1 and can be calculated using Equation 2.13

[6, 142].

—
—~

1) (2.13)

N = Total number of sample
n = The ranking number

The samples are classified in ascending order and the volume was ignored since it
remained constant, hence the Equation 2.12 can be simplified further in the form of an

equation of a straight line as shown in Equation 2.14 [6, 142].

lnln(%) = mlin(o) — min(oo) (2.14)

S

Where P; is defined as the probability of survival (1-P¢) and the gradient of this equation is
Weibull modulus (m). In the current study, Weibull analysis was carried out on the ranked
data by plotting the Inln(1/Ps) against Ino to calculate the gradient using a regression line
[6]. To ascertain any statistical difference, the 95 % confidence intervals of the groups
subjected to Weibull analysis were determined. There will be no significant difference

between Weibull moduli of different groups when the 95 % confidence intervals overlap.
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In addition, the survival probability graph was further assessed to determine whether the

failure at low stress are caused by the same defects at higher stress level [6, 142].
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3.1 Results

3.1.1 Setting time of old and new batches of PC containing additives

Comparison of a batch of PC from 2010 (old batch) with another batch from 2016
(new batch) indicated no significant difference (p > 0.05) in the setting time of cements
containing 5-10 wt% calcium chloride, except when 5 wt% was added at 5.0 g/ml. In-
creasing the concentration from 5 to 10 wt% within each batch accelerated the setting

time significantly (p < 0.05) at all PLRs except for the new batch at 5.0 g/ml (Figure 3.1).

PLRs

3.0 gm
B 4.0 gml
O4.5 2/ml
Os.0 gmi

t w &
T 7 3

Mean setting time (min)
=
1

-

Calcium chloride (wt %)

Figure 3.1: Mean setting time of the old and new batches of PC containing 5-10 wt%
calcium chloride at different PLRs. There was no significant difference between batches
at any concentration of calcium chloride except for 5 wt% at 5.0 g/ml (# p < 0.05). Values
are expressed as mean = SD. Dissimilar letters indicated significant differences (p < 0.05)

between different PLRs at each concentration (n = 3).
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Once the calcium chloride was replaced with sodium citrate, the setting time for the
new batch was significantly reduced compared with the old batch for all PLRs (p < 0.05)
as shown in Figure 3.2. The addition of 2-5 wt% sodium citrate to both batches at 3.0 g/ml
acted as a retardant compared with other PLRs. At PLRs of 4.0 to 5.0 g/ml, increasing
the concentration of sodium citrate within the old batch significantly reduced (p < 0.05)
the setting time at each PLR. In contrast, the setting times of the new batch containing 2-5

wt% sodium citrate at PLRs of 4.5-5.0 g/ml were comparable with each other (p > 0.05).

* * *
PLRs
404 a Ms.0 gm
4.0 gmi
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Sodium citrate (wt %)

Figure 3.2: Mean setting time of old and new batches of cement containing 2-5 wt%
sodium citrate at different PLRs. Addition of sodium citrate to the new batch reduced the
setting time significantly compared with the old batch (* p < 0.05). Values are expressed
as mean 4 SD. Dissimilar letters indicated significant differences between different PLRs

at each concentration (n = 3).
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3.1.2 Injectability studies

Studies on the injectability of PC standard showed a general decrease in the injectabil-
ity of the cement without additives with increasing the PLR. In addition, there was a sig-
nificant difference (p < 0.05) between old and new batches when higher PLRs of 3.0-5.0

g/ml were used as shown in Figure 3.3.

Batch type
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Figure 3.3: Mean injectability of old and new batches of PC standards containing no
additives at different PLRs. A decreasing trend in injectability was observed as the PLR
increased from 2.0 to 5.0 g/ml. The injectability of cement at PLRs 3.0 to 5.0 g/ml was
significantly (p < 0.05) altered by changing the batch.
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After injectability testing, the extruded paste for all PLRs was assessed for any no-
ticeable differences. When the cement was extruded at a low PLR of 2.0 g/ml, phase-
separation occurred by formation of two distinct layers of low and high density powder

(Figure 3.4). This was not seen for other PLRs.

Low density
powder

| High density
powder

Figure 3.4: Image captured after injectability testing of a PC standard with no additives.

Phase-separation of cement paste occurred at a PLR of 2.0 g/ml by formation of low and

high density powder layers as indicated by the arrows.
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3.1.2.1 Injectability of old and new batches of PC containing additives

When 10 wt% calcium chloride was added to both old and new batches, a high in-
jectability of >90 % were achieved. These values were significantly higher (p < 0.05)
than cements containing 5 wt% (Figure 3.5). Increasing PLR had a profound effect (p
< 0.05) on the injectability of cement containing 5 wt% calcium chloride. It was also
noted that the cement paste for the old batch containing 10 wt% calcium chloride at 3.0

g/ml had a very low viscosity to perform the test.
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Figure 3.5: Mean injectability of old and new batches of PC containing 5-10 wt% calcium
chloride at different PLRs. For both batches, increasing the concentration significantly (p
< 0.05) improved the injectability within each PLR. The old batch containing 10 wt%
calcium chloride at 3.0 g/ml seeped out of the syringe. Values are expressed as mean
£ SD and dissimilar letters indicated significant differences (p < 0.05) between different

PLRs at each concentration (n = 4).
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Only the old batch containing 2 wt% sodium citrate at PLRs of 4.0 to 5.0 g/ml were
injectable through the outlet diameter of 2 mm, while at a lower PLR the paste behaved as
a liquid (Figure 3.6). Conversely, the addition of 2 wt% sodium citrate to the new batch
caused flash setting of the cement which made it non-injectable. The flash setting of both

batches also occurred when the concentration of sodium citrate was increased to 5 wt%.
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Figure 3.6: Mean injectability of old and new batches of PC cement containing 2-5 wt%
sodium citrate at different PLRs. For 2 wt% sodium citrate addition, only the old batch
at PLRs of 4.0 to 5.0 g/ml were injectable. Addition of 5 wt% sodium citrate caused
flash setting of cements which were non-injectable. Values are expressed as mean + SD
and dissimilar letter indicated significant differences (p < 0.05) between different PLRs

at each concentration (n = 4).
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3.1.3 Compressive strength of old and new batches of PC containing
additives

Following one day immersion of cements containing 5-10 wt% calcium chloride in
DW at a PLR of 4.0 g/ml, the compressive strengths of both batches decreased signif-
icantly (p < 0.05) when the calcium chloride concentration was increased (Figure 3.7).
Meanwhile, there was no significant difference (p > 0.05) between the batches containing

5-10 wt% calcium chloride.
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Figure 3.7: Mean compressive strength of old and new batches of PC containing 5-10
wt% calcium chloride at a PLR of 4.0 g/ml after one day of immersion. Increasing the
concentration of calcium chloride reduced the strength significantly (p < 0.05), whilst
there was no significant difference (p > 0.05) between batches at any concentration. Val-

ues are expressed as mean + SD (n > 7, NS = non significant).
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Similar to calcium chloride addition, increasing the concentration of sodium citrate
for both batches significantly (p < 0.05) reduced the compressive strength of PC after one
day of immersion at a PLR of 4.5 g/ml. In particular, the addition of 2 wt% sodium citrate
to the new batch reduced the strength by 33 % compared with the old batch (Figure 3.8).
There was no significant difference (p > 0.05) between two batches containing 5 wt%

sodium citrate.
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Figure 3.8: Mean compressive strength of old and new batches of PC containing 2-5
wt% sodium citrate at a PLR of 4.5 g/ml after one day of immersion in DW. Increasing
the concentration of sodium citrate significantly reduced the strength for both batches.
There was a significant (p < 0.05) difference between batches containing 2 wt% sodium

citrate. Values are expressed as mean £ SD (n > 7, NS = non significant).
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3.1.4 Relative porosity of old and new batches of PC containing ad-
ditives

Increasing the calcium chloride concentration to 10 wt% increased the relative poros-
ity of the both batches significantly (p < 0.05) for both batches after one day of storage
in DW. On the other hand, there was no statistically significant difference (p > 0.05) in
the total porosity of old and new batches of PC containing 5-10 wt% calcium chloride as

shown in Figure 3.9.
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Figure 3.9: Mean total relative porosity of old and new batches of PC containing 5-
10 wt% calcium chloride after one day of storage. There was no significant difference
(p > 0.05) between old and new batches at any concentration. Values are expressed as

means = SD (n > 7, NS = non significant).



Chapter 3. Batch stability: investigating the effect of cement ageing on its performance 67

Moreover, the addition of a higher concentration of sodium citrate significantly in-
creased the relative porosity (p < 0.05) of both batches after one day of storage. The new
batch containing 2 wt% of sodium citrate had a significantly (p < 0.05) higher relative
porosity compared with the old batch as shown in Figure 3.10. On the other hand, there
was no significant (p > 0.05) difference between old and new batches of PC containing 5

wt% sodium citrate.
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Figure 3.10: Mean total relative porosity of old and new batch of PC containing 2-5
wt% sodium citrate after one day of storage. The total porosity increased significantly
(p <0.05) by increasing the concentration of sodium citrate. There was a significant
difference (p < 0.05) between old and new batches of PC when 2 wt% sodium citrate was

added. Values are expressed as means = SD (n > 7, NS = non significant).
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3.1.5 Monitoring the hydration of PC using FTIR

Hydration analysis of old and new batches of PC using FTIR indicated that for ce-
ments containing 2 wt% sodium citrate, there was a decrease in the absorbance of OH
stretching of water molecules at 3400-3500 cm™! over 2 h. However, the v3 absorbance of
SO4* corresponded with unbound gypsum at 1100-1200 cm™! was increased for the new

batch (Figure 3.11 b) compared with the old batch (Figure 3.11 a) after 2 h.
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Figure 3.11: a) FTIR spectra of the old batch and b) new batch of PC containing 2 wt%
sodium citrate during the first 2 h of hydration. For the new batch of PC there was a

noticeable increased in the absorbance of v3 stretching of SO4% that corresponded with

unbound gypsum at 1100-1200 cm! after 2 h.
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3.1.6 Elemental composition of PC batches

Comparison of the elemental composition of cement powder using EDS revealed that
in the new batch, the average wt% of elements for the main clinker phases including
calcium and silicon were noticeably higher compared with the old batch (Table 3.1). On
the other hand, the old batch had a significantly (p < 0.05) higher amount of oxygen
(51.22 %) compared with the new batch (47.01 %). There was a 13 % difference between
observed and theoretical ratios of Ca/O for tetracalcium aluminoferrite in the new batch.
This value was significantly higher for the old batch (approximately 30 %). Refer to

appendix chapter, section 8.1 for full calculations.
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Table 3.1: Average elemental analysis of old and new batches of PC using EDS. There
were higher amounts of calcium and silicon in the new batch compared with the old
batch. In contrast, the old batch had a higher oxygen content compared with the new

batch. Dissimilar letter in rows indicated significant differences (p < 0.05).

Element New batch Old batch

Average wt% SD  Average wt% SD

(0] 47.01 (a) 2.12 51.22 (b) 0.85
Na 0.13 (a) 0.01 0.27 (a) 0.10
Mg 0.63 (a) 0.23 0.69 (a) 0.08
Al 1.99 (a) 0.41 1.90 (a) 0.53
Si 7.04 (a) 0.56 6.03 (a) 0.62
S 0.55 (a) 0.40 1.50 (a) 0.77
K 0.48 (a) 0.11 0.93 (a) 0.49
Ca 40.27 (a) 1.53 35.83 (b) 0.26
Fe 1.89 (a) 0.49 1.63 (a) 0.56

3.1.7 Phase analysis of new and old batches of PC using XRD

Studies of the phase analysis has shown that peak intensities for the old batch were
relatively lower than the new batch (Figure 3.12). The full-width half peak maximum
(FWHM) measurements using the Gaussian function, indicated that there was a general
degradation of cement over time. The measured values corresponded with calcium sili-
cates and aluminate phases (see table below) were relatively higher in the new batch than

the old batch. In contrast, FWHM value for the calcite was higher in the old batch instead.
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Figure 3.12: XRD spectra of new (black line) and old batches (red line) of PC with the
table indicating the FWHM values for the clinker phases. Peaks intensities for the new
batch were greater than for the old batch. Except for calcite peak, the FWHM values for

calcium silicates and aluminate phases were higher in the new batch compared with the
old batch.
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3.2 Discussion

3.2.1 The effect of ageing on the setting times and injectability
3.2.1.1 PC setting times

The effectiveness of calcium chloride for reducing the setting time of PC was unaf-
fected by the ageing process, whilst the new batch of PC created a narrower working
window (in terms of wt%) when sodium citrate was used as the additive. In the literature,
hydroxycarboxylic acids including sodium citrate have been reported to have a dual effect
by acting as a retardant at low concentrations and as an accelerant when used at 5 wt%
and higher [143, 144, 145]. However, in the present study examination using FTIR of
the cement with addition of 2 wt% sodium citrate (Figure 3.11) revealed that, the peak
increased at 1100 cm™ corresponded with unbound gypsum [14]. As PC contains approx-
imately 5 wt% of gypsum to control the reactivity of C5A [59, 60], citrate addition to the
new batch might have removed the protective layer of gypsum as the amount of unbound
gypsum increased over time. As a result, the aluminate phases could have reacted with the
water to form the undesirable C-A-H, which caused flash setting (Figure 3.2) [6, 14, 60].

In 2014, this behaviour was observed by Wynn-Jones et al. when 5 wt% sodium
citrate was added to PC, while 2 wt% did not cause a flash set [6, 14, 146]. Although in
this study usage of new or old batch has not been stated, but the present study concluded
that ageing of the cement had a significant effect on the effectiveness of sodium citrate.

During storage of the cement, the clinker phases could have been in contact with water
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vapour and this may have led to the agglomeration of the old PC batch which reduced the
reactivity of the main clinker phases including C;S. However, the mechanism by which

sodium citrate either acts as a retardant or an accelerant is not understood completely.

3.2.1.2 PC injectability

The first aim of injectability testing was to examine whether an injectability of higher
than 90 % could be achieved by lowering the PLR of the cement to 2.0 g/ml. It was shown
that an injectability of 90 % was achieved for both old and new batches of PC (Figure 3.3)
without any liquefying agents. Unfortunately, at this PLR the cement sedimented at the
bottom of the syringe causing phase-separation (Figure 3.4). This phenomenon has been
reported to cause many problems for PVP including poor injectability, increasing porosity
and decrease in compressive strength [6, 10, 52, 147, 148].

Increasing the concentration of calcium chloride improved the injectability of PC (Fig-
ure 3.5) presumably via charge neutralisation of cement particles as suggested by Wynn-
Jones et al [6, 13]. Conversely, increasing the concentration of sodium citrate made the
paste non-injectable (Figure 3.6). This behaviour showed that removal of gypsum from
the surface of C;A not only caused flash setting of the cement, it also limited its injectabil-
ity. Unfortunately, when the new batch of PC with 2 wt% sodium citrate was used, flash
setting still occurred which limited the use of this additive for further experiments in this

study.
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3.2.2 Influence of batch variation and additives on the strength and
porosity

Both calcium chloride and sodium citrate have been reported to act as setting accel-
erant for PC-based cement according to previous studies [6, 13, 149]. Therefore, it was
expected to observe an increase in the compressive strength of the cement as the con-
centration of additives increased, however the opposite was observed (Figure 3.7 and 8).
Results obtained for calcium chloride addition also indicated that, the reduction in the
strength of the cement that occurred when additives were increased, may have happened
due to an increase in the relative porosity of the cements. This could have reflected a
higher proportion of additives being washed out during setting of the cement which was
also reported by Wynn-Jones et al [13].

The lower porosity of the old batch containing 2 wt% sodium citrate (Figure 3.10)
indicated that more water was consumed during hydration of PC [102]. However, the
significant decrease in the strength of the new batch of PC may have occurred mainly
due to the flash setting of the cement (Figure 3.8). The rapid onset of the cement which
was accelerated by the increase in the concentration of sodium citrate, did not allow the
consumption of the water by reactants. Therefore, these interactions increased the relative
porosity of the cement.

To summaries, the PC model system containing 75 wt% PC, 20 w% bismuth oxide

and 5 wt% calcium chloride demonstrated the most appropriate properties to fulfil the
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requirements of suitable bone cement for PVP. Thus, this model system was chosen for

further experiments

3.2.3 Effect of ageing on elemental and phase composition of PC
3.2.3.1 Elemental analysis of PC powder

Following the FTIR analysis (Figure 3.11) which indicated a clear difference in the
amount of unbound gypsum during the early hydration of old and new batches of PC, fur-
ther characterisation of the PC was undertaken using EDS to identify the consistency of
the starting material. The EDS analysis (Table 3.1) indicated that the amount of calcium
and oxygen were significantly lower and higher respectively in the old batch compared
with the new batch. This may have occurred due to the partial carbonation of cement
powder which has been reported previously [150, 151]. In addition, the difference be-
tween the optimum and theoretical ratios of the clinker phases was higher in the old batch
compared with the new batch which could suggest the partial reaction of PC with water

vapour and carbon dioxide [62].

3.2.3.2 Phase composition of PC

Due to the partial hydration of the old batch, it was expected to identify peaks corre-
sponded with hydration phases for the old batch (Figure 3.12), however no trace of hydra-
tion phases was detected. This could have occurred due to forming very small amounts of

hydration phases in the amorphous phase (e.g. C-S-H) which could not be identified by
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XRD [152]. Additionally, the reactant may have partially degraded into compounds with
similar structure to the clinker phases which were unable to interact with water forming
the main hydration phases [6]. However, previous studies reported formation of Port-
landite and C-S-H but in their study the cement was heated at an elevated temperature.
This could have transformed the amourphous C-S-H to crystalline phase [150, 151].

As a result, the clinker phases may have agglomerated and decreased the reactivity of
cement which limited its interaction with additives such as sodium citrate. Therefore, the
consistency of cement batches was shown to be an important factor for future commercial

products.

3.3 Summary

Calcium chloride acted as both an accelerant and liquefying agent for the both batches
of PC, whilst the new batch of PC reduced the working window for sodium citrate. Addi-
tion of 2-5 wt% sodium citrate appeared to remove the gypsum at the surface of the C;A
phase and caused flash setting of the cement. This resulted in poor injectability and a loss
in compressive strength. Thus, for the next two chapters only the new batch of PC with 5

wt% calcium chloride addition was used and investigated.
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4.1 Results

4.1.1 Setting time measurements

The highest setting time values were achieved when 20 wt% mannitol was added to
PC at all PLRs (Figure 4.1). In comparison, 1 to 10 wt% mannitol additions all decreased
setting times to levels lower or comparable (p > 0.05) with the control except for 10 wt%

mannitol at 4.0 g/ml.
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Figure 4.1: Mean setting time of control and cements with 1-20 wt% mannitol additions
at different PLRs. Addition of 20 wt% mannitol significantly (p < 0.05) retarded the
setting time compared with lower concentrations. Values are expressed as mean + SD.

Dissimilar letters indicated significant differences (p < 0.05) between different groups at
each PLR (n = 3).
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Similar to mannitol, the addition of 20 wt% sucrose retarded the setting time signifi-
cantly (p < 0.05) compared with the control at all PLRs (Figure 4.2). At PLRs of 4.0 and
4.5 g/ml, the addition of 1 wt% sucrose also acted as a retardant (p < 0.05). In case of
samples with 5 and 10 wt% sucrose, the setting time significantly increased (p < 0.05) at

a PLR of 5.0 g/ml compared with the control.
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Figure 4.2: Mean setting time of control and cements with 1-20 wt% sucrose additions at
different PLRs. Addition of 1 or 20 wt % sucrose significantly lengthened (p < 0.05) the
setting time compared with the control. Values are expressed as mean 4= SD. Dissimilar
letters indicated significant differences (p < 0.05) between different groups at each PLR
(n=3).
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Addition of sodium bicarbonate reduced the workability of PC, which resulted in the
paste becoming too dry to handle. Results obtained have shown that for PLRs of 4.0
and 4.5 g/ml, addition of 1 or 5 wt% significantly (p < 0.05) reduced the setting time to
less than 10 min in comparison to the control. Regardless of the concentration of sodium
bicarbonate used, at a PLR of 5.0 g/ml cements were too dry to form a homogeneous

paste to allow setting time measurements to be carried out (Figure 4.3).
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Figure 4.3: Mean setting time of control and cements with 1-20 wt% sodium bicarbon-
ate additions at different PLRs. Addition of 1 or 5 wt% sodium bicarbonate significantly
(p <0.05) reduced the setting time at PLRs of 4.0 and 4.5 g/ml. While, at higher con-
centrations, cements were too dry to allow setting time measurements to be measured.
Values are expressed as mean + SD. Dissimilar letters indicated significant differences (p

< 0.05) between different groups at each PLR (n = 3).
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4.1.2 Injectability measurements

Addition of only 1 wt% mannitol was enough to significantly (p < 0.05) improve
the injectability of cements at PLRs of 4.0 and 4.5 g/ml compared with the controls.
Unfortunately, with all the concentrations above 1 wt%, the paste started to act as a liquid
and could not withstand its own weight which prevented the injectability testing from

being carried out (Figure 4.4).
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Figure 4.4: Mean injectability of control and cements with 1-20 wt% mannitol additions
at different PLRs. Exceeding the concentration of 1 wt% made the paste to act a liquid.
Values are expressed as mean + SD. Dissimilar letters indicated significant differences (p
< 0.05) between different groups at each PLR (n = 4).



Chapter 4. Investigation of soluble porogens for inducing macroporosity 83

For samples containing 1 and 5 wt% sucrose at PLRs of 4.5 and 5.0 g/ml, the in-
jectability improved significantly (p < 0.05) compared with the controls. The highest
injectability values were obtained for 5 wt% sucrose addition. Meanwhile, at 4.0 g/ml
only 1 wt% sucrose was injectable through the needle. At higher concentrations, cements

seeped out of the syringe prior to injectability testing (Figure 4.5).
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Figure 4.5: Mean injectability of control and cements with 1-20 wt% sucrose additions
at different PLRs. Only addition of 1 or 5 wt% sucrose improved the injectablility signifi-
cantly. Whilst at higher concentration, the paste behaved as a liquid. Values are expressed
as mean £+ SD. Dissimilar letters indicated significant differences (p < 0.05) between

different groups at each PLR (n = 4).
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Addition of 1 wt% sodium bicarbonate significantly reduced (p < 0.05) the injectabil-
ity of cement by 58 % and 75 % compared with the control at PLRs of 4.0 and 4.5 g/ml
respectively. Whereas, the addition of 5 to 20 wt% of sodium bicarbonate made the paste
too dry to form a homogeneous paste to perform the injectability testing. In comparison,
none of the sodium bicarbonate groups were injectable when PLR of 5.0 g/ml was used

as the paste became too dry (Figure 4.6).
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Figure 4.6: Mean injectability of control and cements with 1-20 wt% sodium bicarbonate
additions at different PLRs. Exceeding the concentration of 1 wt% made the paste too
dry for injectability testing at PLRs of 4.0 and 4.5 g/ml. At 5.0 g/ml, all the sodium
bicarbonate groups were non-injectable. Values are expressed as mean + SD. Dissimilar

letters indicated significant differences (p < 0.05) between different groups at each PLR
(n=4).
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4.1.3 Compressive strength and relative porosity studies

The groups of cements that possessed the injectability of more than 80 % and suitable
setting times upon addition of mannitol were selected for compressive strength and poros-
ity studies. The addition of 1 wt% mannitol at 4.0 and 4.5 g/ml significantly (p < 0.05)
reduced the compressive strength after 7 days by 90 and 87 % respectively compared with
the control (Figure 4.7 a). At the same time, the relative porosity of mannitol containing

groups were doubled compared with the control (Figure 4.7 b).
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Figure 4.7: a) Compressive strength and b) relative porosity of control and cements con-
taining 1 wt% mannitol at different PLRs after 7 days in DW. Addition of mannitol sig-
nificantly (p < 0.05) reduced the strength and increased the total porosity compared with
the control. Values are expressed as mean + SD. Dissimilar letters indicated significant

differences (p < 0.05) between different groups (n >7).
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Furthermore, groups containing 1 and 5 wt% sucrose at PLRs of 4.0 to 5.0 g/ml were
selected for compressive strength and porosity studies. Addition of sucrose at both con-
centrations significantly (p < 0.05) reduced the compressive strength of the cement com-
pared with the control after 7 days in DW. Increasing both PLR and concentration of
sucrose improved the strength (p > 0.05) as shown in Figure 4.8 a. Meanwhile, addition
of sucrose at any concentration significantly increased (p < 0.05) the total porosity com-

pared with the control (Figure 4.8 b).
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Figure 4.8: a) Compressive strength and b) relative porosity of control and cements
containing 1 or 5 wt% sucrose at different PLRs after 7 days in DW. Addition of sucrose
at any concentration and PLR significantly (p < 0.05) reduced the strength and increased
the porosity compared with the control. Values are expressed as mean + SD. Dissimilar

letters indicated significant differences (p < 0.05) between different groups (n >7).



Chapter 4. Investigation of soluble porogens for inducing macroporosity 87

4.1.4 Compressive strength as a function of porosity

Plotting natural logarithms of 7-day compressive strengths against relative porosity
for the control and porogen containing cements is shown in Figure 4.9. A strong linear
relationship (R?=0.95) was fulfilled once sucrose was added to the PC-based cement.
However, the control PC departed from this linear relationship, thus sucrose addition

altered materials constant of PC-based system.
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Figure 4.9: The strong linear relationship between In(compressive strength) and relative
porosity of cement with 1-5 wt% sucrose additions. Departure of control cement from

this relationship was an indication of the strength-deteriorating effect of sucrose.
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4.1.5 Strut density studies

Addition of soluble porogens significantly increased (p < 0.05) the strut densities of
PC after 7 days of storage compared with control (Figure 4.10). In addition, those group
containing 1 wt% mannitol had the highest strut density of 3.04 g/cm® compared with

2.56 g/cm? for the control.
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Figure 4.10: Mean strut densities of control and groups containing different concentra-
tions of porogens. The strut densities of all modified cements significantly (p < 0.05)
increased compared with the control. Values are expressed as mean + SD. Dissimilar

letters indicated significant differences (p < 0.05) between different groups (n >7).
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4.1.6 Surface topography using SEM

SEM examination of fractured surface of cements at a low magnification indicated
that addition of 1 wt% mannitol (4.0) did not increase the surface porosity compared with
the control (Figure 4.11). However, there were multiple cracks in samples containing
mannitol compared with the control. At a higher magnification, the surface of the control
was predominantly covered by 5-10 pm needle-like ettringite crystals and large hexagonal
crystals of calcium hydroxide. On contrary, mannitol containing group possessed mainly
ettringite crystals with traces of unhydrated powder reactant. The SEM micrograph for 1
wt% mannitol at 4.5 g/ml indicated that there were less pores and cracks compared with

1 wt% mannitol at 4.0 g/ml (Figure 4.11).
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EHT = 1000
WD = 170 mm Control

1wt % mannitol (4.0)

TeAr

Figure 4.11: SEM micrographs of control (a and b), 1 wt% of mannitol at 4.0 g/ml (c

4.5)

B
Arm EHT = 10.00 kbW 2 i EHT = 20.00 W

Wos fabi 1 wi %o mannitol (4.5) m — WO = 85 me 1 wt % mannitol {

and d) and at 4.5 g/ml (e and f) at x40 and x6500 respectively. There was no increase
in surface porosity upon addition of mannitol, except there were more cracks (indicated
by arrows) compared with the control. Control PC revealed large crystals of calcium

hydroxide (CH) which were not identifiable in the mannitol group.
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SEM micrographs for 1 wt% sucrose at PLRs of 4.0 and 4.5 g/ml also indicated that
there was no increase in the surface porosity of the cement compared with the control
(Figure 4.12). However, the microstructural examination illustrated that sucrose groups
possessed aggregate-like crystals and shorter needle-like ettringite crystals surrounded by

multiple microcracks.

EHT = 1000 kv

WO = 230 1 wt % sucrose (4.0)

EHT = 10.00 kY —
WD =176 mm 1 wt % sucrose (4.5)

Figure 4.12: SEM micrographs of 1 wt% sucrose at 4.0 g/ml (a and b) and 4.5 g/ml (c
and d) at two magnifications of x40 and x6500 respectively. The surface of cement for
both groups were smooth with few pores. At high magnification, both group possessed

C-S-H gel and shorter ettringite crystals with microcracks (indicated by arrows).
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Increasing the concentration of sucrose to 5 wt% at PLRs of 4.5 and 5.0 g/ml had no
influence on the surface porosity of the set cement as shown in Figure 4.13. In addition,

ettringite crystals and multiple microcracks were still observed.

1 EHT = 10.00 kv EHT =20.00kV

i 7 sy 5 wt % sucrose (4.5) i WO =100 mm

EHT = 10.00kV - EMT = 20.00 kv
WD =230 5 wt % sucrose (5.0) VD= 75 mm 5 wt % sucrose (5.0)
rF 8 M

Figure 4.13: SEM micrographs of 5 wt% sucrose at PLRs of 4.5 g/ml (a and b) and 5.0
g/ml (c and d) at two magnifications of x40 and x6500 respectively. There were multi-
ple cracks at the surface of cement (indicated by arrows). Whilst, both group possessed

clusters of needle-like ettringite crystals.
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4.2 Discussion

4.2.1 Influence of sugars and bicarbonate on setting time and in-
jectability of PC
4.2.1.1 Addition of mannitol

Addition of sugars such as sucrose and mannitol have been shown to induce macro-
porosity for the CPC system [104, 106, 122, 153], however, these sugars are also known
to act as a retardant [154, 155, 156]. The results determined (Figure 4.1-5) in the present
study confirmed the negative effect of these two sugars on the setting time and injectabil-
ity of the PC. In fact, even in the presence of a strong accelerant (calcium chloride), the
adverse effect of aforementioned sugars was noticeable.

Addition of the sugar as low as 1 wt% caused a liquefying effect on the cement's in-
jectability compared with the control (Figure 4.4). This behaviour may have occurred
due to the solubilising effect of organic admixtures on the PC-based cement according
to multiple studies [154, 155, 156]. Sugars are categorised according to their stability in
alkaline conditions into two groups: a not stable reducing sugar (mannitol) and a stable
non-reducing sugar (sucrose) [156]. Hydration of reactive clinkers including C3A and
C5S increased the local pH and the reducing sugars have shown to be unstable in this con-
dition [156]. Subsequently, mannitol underwent a ring-opening and degradation process
to form saccharinic acid. This acid contains (OH-C-C=0) group which may have acted as

a ligand to form complexes with metal ions present within the cement phases. As a result,
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dissolution of the ions from calcium-silicate phases is promoted which increased the con-
centration of ions in the solution [154, 156]. Moreover, the sugar-metal ions complexes
could also precipitate on the surface of reactants during the hydration of the cement which
prevented the precipitation of hydration phases such as C-S-H and Portlandite, thus only

increased the dissolution of ions [157, 158].

4.2.1.2 Addition of sucrose

Sucrose has been shown to be stable at a high pH, thus it interacted with the surround-
ing Ca*OH to form a half-salt RO'—-Ca*OH which could interact with the surrounding
sucrose to form bulky saccharides [156, 159]. This set of reactions would favour the Ca,
Al and Fe ions chelation which may have precipitated on the lattice site of C-S-H and
Portlandite. Resultant interactions could lead to the accumulation of calcium and hy-
droxide ions in the solution, which poisoned the hydrate surfaces in a similar manner to
mannitol [154, 156, 160].

To summarise, the interactions of sugars could have two major influences on the set-
ting of PC-based cement; firstly, accelerating the dissolution of the cement reactants with-
out precipitation of hydration products (poisoning effect), thus retarded the setting time.
Secondly, coating the clinker surface with sugars has been shown to increase the negative
surface charge of cement particles. The net charge formed might have caused an elec-
trostatic repulsion between particles and hence a liquefying effect [154, 156]. Couple of

studies have shown that reducing sugars have a 10-fold greater affinity for the calcium
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than non-reducing sugars, thus mannitol could have had a stronger solubility effect on the

cement, which correlated with the injectability results (Figure 4.4-5) [154, 156].

4.2.1.3 Addition of sodium bicarbonate

Addition of sodium bicarbonate between 1 and 10 g/l has been previously shown to
act as strong retardants for PC without any additives due to formation of tetracalcium alu-
minate carbonate 12-hydrate [161]. However, in the present study, addition of 1-20 wt%
of sodium bicarbonate made the paste too dry (Figure 4.6). This contradictory result could
have arisen due to using a higher PLR in the present study. Additionally, the bicarbonate
in solution could have created an intermediate form of carbonic acid and possibly intro-
duced hydrogen ions into the liquid phase [162]. Consequently, the hydrogen ions might
have disrupted the setting reaction of PC in a similar manner to citric acid as described by

Wynn-Jones et al [14, 162].

4.2.2 Effect of sugars on setting of PC
4.2.2.1 The compressive strength and relative porosity of PC

The incorporation of both mannitol and sucrose, significantly reduced the compressive
strength of cements (Figures 4.7 and 8). The retardation and solubilisation effects of
the sugars could have increased the amount of unconsumed water, which increased the
relative porosity of cements containing porogens compared with controls (Figures 4.7

and 8) [154, 158]. Increasing relative porosity inversely alters the compressive strength
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thus, in the present study with increasing sugar concentrations it was expected to observe
an increase in the relative porosity but the opposite was observed (Figures 4.7 and 8). This
could be explained by the greater degree of solubilisation of the cement paste at higher
concentrations, which improved the workability of the paste. The better workability is an
indication of a superior flow properties of the cement paste, while no segregation takes
place [163, 164]. This highlighted that having a sufficient working time to mix the paste

could have a significant effect on the ultimate properties of the cement [163, 164].

4.2.2.2 The strut density of PC

The dense powder (3.1 g/cm?®) was hydrated into a less dense structure (2.5 g/cm?) by
reacting with water [6, 102]. Hence, a low strut density was an indication of a high degree
of hydration [6, 5]. However, the modified cements indicated a lower degree of hydration
compared with the control PC (Figure 4.10) which potentially arose due to the inhibitory
effect of sugars on the precipitation of hydration phases.

The strut density result was supported by microstructural analysis which demonstrated
higher numbers of unreacted particles compared with control (Figure 4.11). The strength-
deteriorating effect of sugars (Figure 4.9) also confirmed the detrimental effect of these
porogens on cement's setting possibly by altering the materials constant such as critical
flaw size. Studies on CPCs have shown that the inhibitory effect of mannitol on the setting
of the cement was temporary as the XRD data indicated no major difference [104, 153].

On the other hand, the strut densities obtained could suggest that the adverse effect of
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sugars lasted longer in PC-based cements. Either of sugar used, mannitol containing
cements had the highest strut density values compared with sucrose. This could be again
explained by the greater affinity of mannitol for calcium which accelerated its inhibitory

effects.

4.2.3 Effect of sugars on macro and microstructure of the set cement
4.2.3.1 Macrostructure of PC

Despite the increase in the relative porosity of the samples containing porogens, SEM
analysis after 7 days indicated no induction of macropores nor major difference between
the modified cements and control PC (Figure 4.11-13). In the literature, the induction
of large interconnected pores in CPCs upon addition of mannitol and sucrose has been
reported even after 5 days of setting [105, 106, 122, 153]. This contradictory observation
might have occurred due to the greater degree of adsorption and interaction of sugars
on the surface of PC reactants, which limited the dissolution of these sugars during the

setting of the cement to induce macroporosity.

4.2.3.2 Microstructure of PC

The microstructure studies indicated that in the presence of organic admixtures, the
typical large needle-like ettringite crystals did not develop compared with the control
PC (Figure 4.11-13). It has been shown by multiple studies that the size and density

of ettringite crystals can be altered by additives [14, 65, 144, 165]. The capability of
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sugars to interact with calcium and aluminium phases is due to the presence of multiple
hydroxyl groups (-OH) within the structure of sugars. These hydroxyl groups could have
undergone deprotonation to create multidentate charged molecules and hydrogen ions
(H*) [166]. As a result, these hydrogen ions might have reduced the local pH below the
range (10.5-13.0), which ettringite is generally stable thus limiting its formation [166].
Therefore, a less stable mineral; calcium aluminate monosulphate was formed which did
not contribute toward the early strength of PC [166]. This was in accordance with previous
studies which observed the similar influence upon addition of 2-5 wt% sucrose to the PC
[144, 166].

In addition, SEM micrographs indicated the presence of multiple microcracks within
the samples containing sugars. Studies revealed that in the presence of sugars, a sec-
ondary ettringite was more likely to be formed once the cement hardened [144, 167].
This secondary ettringite was shown to exert expansive forces upon the surrounding crys-
tals which could have led to cracking and disintegration of the cement and therefore loss

of compressive strength [144, 167].

4.3 Summary

Addition of soluble porogens including sugars and sodium bicarbonate to PC had an
adverse effect on the setting reaction of this novel cement. Sugars retarded the setting

reaction through a series of adsorption, precipitation and poisoning of the nucleation sites
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for C-S-H and Portlandite, which adversely influenced the setting time, injectability and
compressive strength [154, 156]. Conversely, sodium bicarbonate interrupted the alkaline
setting reaction and generated an unworkable paste [161]. The surface topography analy-
sis of the sugar containing paste did not show any macropores at the surface presumably
due to the inhibitory effects of sugar which limited its pore-generating capability. At the
same time, the microstructural analysis indicated these additives had a negative influence
on the ettringite crystals. Therefore, the use of soluble porogens to induce macroporosity
into PC-based cements for the purpose of vascularisation and bone ingrowth would be

unlikely to be suitable and other methods should be investigated for this purpose.
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5.1 Results

5.1.1 Assessment of foams

The foamability of gelatine and polysorbate 80 at different concentrations are shown
in Figure 5.1. Polysorbate 80 possessed significantly (p < 0.05) higher foamability than
gelatine. However, the 15 wt% gelatine solution was too thick to be foamed and was

excluded from further experiments.

Concentration

| Hs wtoo

i . B 10 wtoo
15 wtoo

p <0.05
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Mean foamability (%)
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Gelatine Polysorbate 80
Surfactant

Figure 5.1: Mean foamability of 5-15 wt% of gelatine and polysorbate 80. At all concen-
trations, polysorbate 80 indicated significantly higher foamability compared with gelatine.

Values are expressed as mean + SD (n = 3).
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Assessment of foam stability for the same concentrations of gelatine and polysorbate
80 indicated that, addition of 5-15 wt% of the either of foaming agents increased the
foam stability in a concentration-dependent manner (Figure 5.2). The highest value was

obtained for 10 wt% FG with 30 min stability.
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Figure 5.2: Mean foam stability of 5-15 wt% of gelatine and polysorbate 80. Gelatine
at 10 wt% FG demonstrated the highest foam stability compared with others. Values are

expressed as mean £ SD (n = 3).
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5.1.2 Effect of foaming agents on the setting time

Foamed gelatine (FG) was prepared at either 5 or 10 wt% for setting time measure-
ments (Figure 5.3). The setting time of the cement containing 1 % FG was comparable (p
> (.05) with the controls at all PLRs. On the other hand, regardless of the FG concentra-
tion, the setting time of cement with 10 and 20 % FG significantly (p < 0.05) increased
compared with the controls at all PLRs. In addition, increasing the concentration of gela-
tine solution from 5 to 10 wt% significantly (p < 0.05) reduced the setting time of samples

with 10 and 20 % of FG at PLRs of 4.0 and 4.5 g/ml.
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Figure 5.3: Mean setting time of PC at different PLRs with 1 to 20 % of added FG at gelatine concentrations of 5 and 10 wt%.
Regardless of which FG concentration and PLR were used, the setting of the cement increased significantly (p <0.05) upon
addition of 10 and 20 % of FG compared with the control. Values are expressed as mean + SD. Dissimilar letters indicated

significant differences (p <0.05) between different groups of cement at each PLR (n = 3).
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Polysorbate 80 solution was prepared at three concentrations of 5, 10 and 15 wt%
(Figure 5.4). The setting time of PC was reduced significantly (p < 0.05) or lowered
to the level comparable with control when 1 and 5 % foamed polysorbate 80 (FP) were
added to the cement. The setting time of cements with 10 and 20 % FP were significantly
(p <0.05) higher compared with controls regardless of which PLR was used. At each
PLR the setting times of the cements with 10 and 20 % FP were reduced significantly
(p < 0.05) upon increasing the polysorbate 80 concentration to 10 and 15 wt% compared

with 5 wt%.
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Figure 5.4: Mean setting time of PC at different PLRs with 1 to 20 % of added FP at polysorbate 80 concentrations of 5,
10 and 15 wt%. Regardless of which FP concentration and PLR were used, the setting of cements increased significantly (p
< 0.05) upon addition of 10 and 20 % of FP compared with the controls. Values are expressed as mean + SD. Dissimilar letters

indicated significant differences (p < 0.05) between different groups of cement at each PLR (n = 3).
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5.1.3 Effect of foaming agents on the injectability of PC

When 1 and 5 % FG at a gelatine concentration of 5 wt% were added to the cement, the
injectability of cements were significantly (p < 0.05) reduced compared with the controls
at PLRs of 4.0 and 4.5 g/ml (Figure 5.5). However, the addition of 10 and 20 % FG
significantly enhanced (p < 0.05) the injectability to > 90 % even with a high PLR of 5.0
g/ml. In contrast, when gelatine concentration was increased to 10 wt% the injectability
of cements with 5 to 20 % of FG were significantly improved (p < 0.05) compared with

the controls at all PLRs.
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Figure 5.5: Mean injectability of PC at different PLRs with 1 to 20 % FG at two gelatine concentrations. At 5 wt% gelatine
concentration, only the addition of 10 and 20 % FG significantly (p < 0.05) improved the injectability of PC at all PLRs. Whilst
at 10 wt%, the injectability of cements were significantly increased when 5 to 20 % FG was added to the PC compared with

controls. Values are expressed as mean £ SD. Dissimilar letters indicated significant differences (p < 0.05) between different
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At all three polysorbate 80 concentrations, only cements with addition of 1 and 5 %
FP were injectable through the needle at PLRs of 4.0 and 4.5 g/ml (Figure 5.6). Ata PLR
of 5.0 g/ml only the cement containing 5 % FP was injectable, whilst the addition of 10
and 20 % of FP caused the paste to seep out of the syringe due to a very low viscosity

prior to the injectability testing at all PLRs.



5 wt% foamed polysorbate 80 10 wt% foamed polysorbate 80 15 wt% foamed polysorbate 80

Groups
100— B cControl
a 1 % FP addition

\’S‘ s v FP addition
¢ [J10 % FP addition
S a Fi
<l a 2.3 b B [CJ20 %6 FP addition
.E. f a4 p a
2 b
m 60 b b :
-
o C
@ b
.E z Z 2 = c P ol 2 g 2

Z = ] = e, a & = = =
= 40— g g a 3 i z g @ z g
= 2 2 2 2 2 2 2 C 2 2
g 'S = s -8 -2 s -~ E b -5
- z z z z z >
S 20 g He W2 2 E M2 2 e

2 o g P & = o o 2

1 o

2 5 . 5 5 5 I E 5 5 5

0- T T T T T T T T T
4.0 g/ml 4.5 g/ml 5.0 g/ml 4.0 g/ml 4.5 gml 5.0 g/ml 4.0 g/ml 4.5 g/ml 5.0 gml
PLR PLR PLR

Figure 5.6: Mean injectability of PC at different PLRs with 1 to 20 % of FP at three polysorbate 80 concentrations. Addition
of 10 and 20 % FP to the cement caused the cement to seep out of the syringe prior to injectability testing. Values are expressed

as mean + SD. Dissimilar letters indicated significant differences (p < 0.05) between different groups of cement at each PLR
(n=4).
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5.1.4 Extension graphs for the injectability of cement containing FG

The addition of 5-10 % FG at the highest gelatine concentration was selected for
further experiments. The control cement containing CaCl, was injectable as a constant
force was needed (Figure 5.7). A sudden decrease in the applied force occurred when
the air bubbles were pressed out of the syringe. All foamed cements demonstrated a
homogeneous extrusion with a characteristic plateau. The plateau load, which is the force
in which constant flow occurs, of foamed cement was lower than the control (<20 N).
After 12-16 mm displacement, the force increased to 100 N since the syringe was almost
empty. A sharp continuous increase in the required force was measured for displacement

of the cement without any liquefying agent.
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Figure 5.7: Force-displacement graph generated during injectability testing of different
PC formulations. The cement with 10 % FG at all PLRs reduced the required force to

extrude the paste through the syringe compared with the control with or without calcium

chloride.
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5.1.5 Compressive strength and porosity studies for static media

The highest compressive strengths for samples stored in DW were obtained for the
controls after 7 and 30 days (Figure 5.8 a). The addition of 5-10 % FG reduced the
strength values significantly (p < 0.05) in a concentration-dependent manner. Increasing
the PLR of foamed cements improved the strength significantly (p < 0.05). The total
relative porosity of controls were the lowest, whilst the addition of 5-10 % FG at any
PLR, significantly increased the total porosity up to 37 % compared with the control

(Figure 5.8 b).

Days stored in Days stored
7 100 a) il oy b) inDW
=] W7-days s W7-days
=) O30-days X [330-days
-— * '
0 M — Z 40 a A
-] T
@
‘E 2 * § ] b ¥
e 7 g * — 2 30 % B P
z f— * B g g C Ll s
& B — £ * & §
2 a0 b % B E w4 i %?% \ D
g — b X\ Q\ R iy
g Q& H E b W \ &
3 E \ | N &
§ 2 ¢ S 10 § %\\ N % \
- N & & 8N N
o L N
Control 5% FG 10%FG 10%FG 10%FG Control 5%FG 10%FG 10%FG 10% FG

4.0) (4.0 .5 (5.0) (4.0) 4.0) (4.5) (5.0)
Additive (%) Additive (%)
Figure 5.8: a) Mean compressive strength and b) relative porosity of controls and cement
with 5-10 % FG after 7 and 30 days in DW. The compressive strength of the cement was
significantly (p < 0.05) reduced upon increasing the FG by increasing the total porosity
(p < 0.05) compared with controls. Values are expressed as mean 4 SD. Dissimilar lower
and upper case letters indicated significant differences (p<0.05) between groups after 7

and 30 days respectively (n >7 per group, * p < 0.05).
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Meanwhile, comparison of intrinsic and extra porosity values for foamed cement cal-
culated from the total porosity indicated that the proportion of extra porosity after 30 days
increased significantly (p < 0.05) or to a level comparable with 7-days (Figure 5.9 a). In
contrast, the intrinsic porosity significantly (p < 0.05) reduced after 30 days (Figure 5.9
b). The foamed cement at a PLR of 4.0 g/ml had the highest extra porosity values of 26

% compared with other samples.
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Figure 5.9: a) Mean extra porosity and b) intrinsic porosity of FG groups after 7 and 30
days storage in DW. Extra porosity values were comparable or significantly higher as the
storage time increased. The intrinsic porosity values decreased significantly over 30 days.
Values are expressed as mean £+ SD. Dissimilar lower and upper case letters indicated
significant differences (p < 0.05) between groups after 7 and 30 days respectively (n >7
per group, * p < 0.05).
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Similar to DW medium, the highest compressive strength values were obtained for the
controls stored in PBS at both storage times (Figure 5.10 a). The addition of 5-10 % FG at
4.0 g/ml, significantly (p < 0.05) reduced the strength compared with the controls at both
storage times, while increasing the PLRs and storage times both improved the strength of
FG groups by 15 % and 47 % after 7 days and 23 % and 39 % after 30 days respectively.
Addition of 5-10 % FG at all PLRs significantly increased (p < 0.05) the total porosity

compared with the control (Figure 5.10 b).
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Figure 5.10: a) Mean compressive strength and b) relative porosity of control and ce-
ments with 5-10 % FG in PBS at two storage times. Increasing the amount of FG, sig-
nificantly (p < 0.05) reduced the strength compared with controls by increasing the total
porosity of the foamed cement (p < 0.05). Values are expressed as mean £ SD. Dissimilar
lower and upper case letters indicated significant differences (p < 0.05) between groups

after 7 and 30 days respectively (n >7 per group, * p < 0.05).
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After 30 days of storage in PBS, the extra porosity values of samples were significantly
higher (p < 0.05) or to a level comparable with the 7-days values, with the highest values
for the cements with 10 % FG at 4.0 and 4.5 g/ml (Figure 5.11 a). Conversely, the intrinsic

porosity was reduced significantly (p < 0.05) by increasing the storage times as shown in

Figure 5.11 b.
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Figure 5.11: a) Mean extra porosity and b) intrinsic porosity of FG groups stored in PBS
after 7 and 30 days. There was no significant difference (p > 0.05) between 7 and 30 days
extra porosity except for the 5 % FG group. Meanwhile, the intrinsic porosity significantly
(p <0.05) reduced over 30 days. Values are expressed as mean + SD. Dissimilar lower
and upper case letters indicated significant difference (p < 0.05) between groups after 7

and 30 days respectively (n >7 per group, * p < 0.05).
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The strength values of the controls and foamed cements stored in PBS/FCS for 30 days
were significantly higher (p < 0.05) or to a level comparable with 7-days values (Figure
5.12 a). Cement with 10 % FG at 4.0 g/ml had the lowest strength, while increasing the
PLR of the foamed cement to 5.0 g/ml improved the strength significantly (p < 0.05).
However, the foamed cements still maintained a high total porosity of 25-37 % compared

with the control (Figure 5.12 b).
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Figure 5.12: a) Mean compressive strength and b) total porosity of the control and ce-
ments with 5 to 10 % FG in PBS/FCS at two storage times. Increasing the amount of FG,
significantly (p < 0.05) reduced the strength by increasing the total porosity (p < 0.05)
compared with control. Values are expressed as mean 4+ SD. Dissimilar lower and up-
per case letters indicated significant differences (p < 0.05) between groups after 7 and 30

days respectively (n >7 per group, * p < 0.05).
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After 30 days of storage in PBS/FCS, the extra porosity of foamed cement after 30
days were significantly higher (p < 0.05) or to a level comparable with 7-days values. The
highest value was measured for cements with 10 % FG at 4.0 g/ml (Figure 5.13 a). On
the other hand, the intrinsic porosity values reduced significantly (p < 0.05) over the 30

days (Figure 5.13 b).
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Figure 5.13: a) Mean extra porosity and b) intrinsic porosity of FG groups stored in
PBS/FCS after 7 and 30 days. For all the groups, the extra porosity values after 30 days
were significantly higher or comparable with the 7-days values. Meanwhile, the intrinsic
porosity values were significantly reduced over 30 days. Values are expressed as mean
=+ SD. Dissimilar lower and upper case letters indicated significant differences (p < 0.05)

between groups after 7 and 30 days respectively (n >7 per group, * p < 0.05).
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5.1.6 Compressive strength as a function of relative porosity

Plotting natural logarithms of 7-day compressive strengths in DW against relative
porosity for the control and cements with 5-10 % FG at different PLRs is shown in Figure
5.14. There was a linear relationship for the foamed cements (R*>= 0.90), whilst the
control possessed significantly higher compressive strength values which was shown to

depart from the linear relationship.
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Figure 5.14: Graph of In(compressive strength) against relative porosity for the control
and cements with 5-10 % FG after 7 days in DW. The control departed from the linear
relationship for the foamed cements which indicated the strength-deteriorating effect of
FG when stored in DW.
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When samples were stored in PBS or PBS/FCS, there was a strong linear relationship;
R?=0.95 and 0.97 respectively, which indicated that the storage of the foamed cements

in the physiological media did not alter the materials constant of the cement compared

with immersion in DW.
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Figure 5.15: Graph of In(compressive strength) against relative porosity for the control
and cements containing 5-10 % FG after 7 days in a) PBS and b) PBS/FCS. The linear

relationship between samples showed that the foaming agents did not alter the material

constants of PC in both media.
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5.1.7 Effect of dynamic regime on the compressive strength and total
porosity

The compressive strengths of samples stored in dynamic PBS or PBS/FCS were gen-
erally lower compared with the static regime (Figure 5.10 and 5.12), for the full analysis
refer to appendix chapter, section 8.2. The control PC possessed the highest compressive
strength values compared with the others at both storage times (Figure 5.16). The cement
with 10 % FG at 4.0 g/ml stored in PBS possessed the lowest strength values, however

this value was still higher than the compressive strength of healthy cancellous bone.
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Figure 5.16: Mean compressive strength of samples in dynamic PBS and PBS/FCS for
7 and 30 days. The strength values of samples in PBS/FCS were significantly higher (p
< 0.05) or comparable to a level with PBS medium. Values are expressed as mean + SD

(n >7 per group, * p < 0.05).
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The total porosity of cements in dynamic PBS and PBS/FCS were comparable with
or significantly higher (p < 0.05) than the static regime (for full analysis refer to appendix
chapter, section 8.2). Foamed cements with 5-10 % FG still possessed a high porosity of
30-40 % compared with the controls (14-20 %). All the samples immersed in PBS apart
from the 7-day control and the cement with 5 % FG showed a relatively higher (p > 0.05)

total porosity values compared with PBS/FCS as shown in Figure 5.17.

60 ODynamic PBS/FCS

BDynamic PBS

40 4

20 4

Mean relative porosity (%)

7 .da)«'s P

7-days

3“-(13_\"5 SRR L
T-days
7-days

S B & Z. z
o o = ] =
= = = = =
ar ] m ar ] ar ]
Control 5% FG (4.0) 10 % FG (4.0) 10 % FG (4.5) 10 % FG (5.0)
Additive (%)

Figure 5.17: Mean total porosity of samples in dynamic PBS and PBS/FCS for 7 and 30
days. The porosity of the cements stored in PBS were generally higher compared with

PBS/FCS. Values are expressed as mean + SD (n >7 per group, * p < 0.05).
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5.1.8 Strut density studies

The strut density measurements for the samples stored in different media after 7 days
is shown in Figure 5.18. There was no significant difference (p > 0.05) in the strut den-
sities of the control and foamed cement in any media. Storage of cements in SBF was
carried out for the control to compare the effect of different physiological fluids on the
strut density of PC. Within each group, there was an increasing trend in the strut density

of cement in order of DW = SBF < PBS < PBS/FCS.
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Figure 5.18: Mean strut density of samples stored in various media for 7 days. At any
media, the strut density values of the control and foamed cements were similar (p > 0.05).
Cements immersed in PBS/FCS possessed the highest strut density values compared with
the others. Dissimilar letters indicated significant differences (p < 0.05) between media

for each group. Values are expressed as mean = SD (n >7 per group).
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Continuing the hydration of cements for 30 days lowered the strut densities of all the
samples compared with 7-day values (Figure 5.19). There was no significant difference (p
> 0.05) between the control and foamed cements for PBS and PBS/FCS media. However,
within DW, the foamed cement at 5.0 g/ml had a significantly lower (p < 0.05) strut

density compared with the control.
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Figure 5.19: Mean strut density of samples stored in various media for 30 days. The
strut density values for the foamed cements were comparable (p > 0.05) with each other
except at a PLR of 5.0 g/ml. The control PC stored in SBF and DW had significantly
lower densities compared with PBS/FCS medium. Dissimilar letters indicated significant
differences (p < 0.05) between media for each group. Values are expressed as mean =+

SD (n >7 per group).
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5.1.9 Solubility of the PC in dynamic PBS and PBS/FCS

The solubility of the control and foamed cements decreased after 30 days of storage
except for the foamed cement at a PLR of 4.0 g/ml (Figure 5.20). After 30 days of storage
in PBS, the solubility of control PC was 3.5 % which was significantly (p < 0.05) lower
than foamed cements at PLRs of 4.0-4.5 g/ml (5.7-13.1 %). Amongst the foamed cements,
there was no significant (p > 0.05) difference in the solubility of cements between 3-14
days of storage in PBS. However, after 1 and 30 days, the solubility values of foamed
cement at a PLR of 5.0 g/ml were considerably lower (p < 0.05) than the PLR of 4.0 g/ml
(refer to appendix, section 8.3).

The solubility values of the control PC stored in dynamic PBS/FCS were significantly
(p <0.05) lower compared with the PBS medium at all storage times (refer to appendix,
section 8.3). The solubility values of foamed cements in PBS/FCS were at a comparable
level (p > 0.05) with values identified in PBS during the first 7 days. Whilst, during 14
to 30 days the solubility values of PBS/FCS medium were significantly (p < 0.05) lower
than the PBS values. Nevertheless, the control group and 10 % FG (4.0) had the lowest

and highest solubility respectively after 30 days.
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Figure 5.20: Mean solubility of control and the cements with 10 % FG at three PLRs over 30 days of dynamic storage in a)
PBS and b) PBS/FCS. The solubility of all cements apart from the PLR of 4.0 g/ml reduced at the end of 30 days (n = 3).
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5.1.10 Influence of FG on the Weibull modulus

The combined Weibull distributions was used to measure the Weibull modulus (m)
and the corresponding R? values of the control and cements with 5 and 10 % FG after 7
days in DW and PBS/FCS (Figure 5.21). The highest Weibull modulus was obtained for
the control, whilst there was a decreasing trend in the reliability of strength data as the
amount of added FG was increased. Furthermore, immersion of the cements in PBS/FCS

increased the reliability of data compared with DW.
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Figure 5.21: Weibull distributions indicating the Weibull modulus (m) and R? of the control and cements with 5-10 % FG after
7 days of storage in a) DW and b) PBS/FCS. Increasing the amount of added FG reduced the Weibull modulus and reliability
of PC. Storage of the PC in PBS/FCS increased the Weibull modulus values compared with DW values (n = 30).
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Increasing the storage time of the cement improved the reliability of the strength data
for both media as shown in Figure 5.22. Nevertheless, the control PC still showed the
highest Weibull modulus values compared with the foamed cements stored in either me-
dia. In contrast to 7-day Weibull distribution data, there was a noticeable increase in the
Weibull moduli of samples in PBS/FCS for 30 days compared with DW and the R? values

of all samples were still greater than 0.90.
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Figure 5.22: Weibull distributions indicating the Weibull modulus (m) and R? of the control and the cements with 5-10 % FG
after 30 days of storage in a) DW and b) PBS/FCS. Cements stored in PBS/FCS medium were more reliable compared with

samples immersed in DW (n = 30).
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The probability of survival against the ranked 7-day compressive strength data for the
control and the foamed cements in DW and PBS/FCS is shown in Figure 5.23. Storage
of foamed cements in PBS/FCS exhibited a more symmetrical distribution of data at both
low and high stress compared with DW medium. Meanwhile, the control PC exhibited an

increased in asymmetry at a lower strength compared with foamed cements.
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Figure 5.23: The probability of survival of the compressive strength of the samples stored in a) DW and b) PBS/FCS for 7
days. The foamed cements stored in PBS/FCS showed a symmetrical distribution of data at low and high stress compared with

DW. Whilst, the control PC generated an asymmetrical distribution at a lower strength compared with the foamed cements.

Iel



Chapter 5. Development of novel foamed PC 132

Continuing the hydration of cements for 30 days indicated a similar pattern to 7-day
data. The distribution of data for the foamed cements in PBS/FCS were more symmetri-
cal at both extremes compared with DW (Figure 5.24). In addition, the control PC still

showed an asymmetrical distribution at low stress in both media.
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Figure 5.24: The probability of survival of the compressive strength of the samples stored in a) DW and b) PBS/FCS for 30
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The 95 % confidence interval for Weibull moduli of the control and the cement with
5 % FG overlapped at both storage times in contrast with 10 % FG group, indicating that
the addition of FG above 5 % did significantly (p < 0.05) affect the distribution of defects

within PC-based cement as shown in Figure 5.25.

" a) b)

e
e

Weibull modulus
RN
Weibull modulus

Control 5%FG 10 % FG Control S%FG 10 % FG

10 c) | [: d) l

Weibull modulus
+
Weibull modulus

Control S%FG 10% FG Control 5% FG 10 % FG

Figure 5.25: The Weibull moduli of different PC formulations including 95 % confidence
interval after 7 and 30 days in days in DW (a and c) and PBS/FCS (b and d) respectively.
For each plot, only the confidence intervals of the control and the cement containing 5 %

FG overlapped.
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5.1.11 Cohesion test

Integrity and cohesion of cements with 10 % FG at different PLRs were assessed using
a pre-soaked hollow sponge in DW at 37 °C as shown in Figure 5.26. Addition of the FG

had no adverse effect on the integrity of PC during the first 2 h of setting with no sign of

disintegration.

Figure 5.26: Image captured after 2 h of the setting of the cement paste containing 10 %
FG at PLRs of a) 4.0 g/ml, b) 4.5 g/ml and ¢) 5.0 g/ml. All the foamed cements showed a

good integrity with no disintegration of the cement.
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5.1.12 Monitoring early hydration of cement using ATR-FTIR

The FTIR spectrum of the gelatine indicated absorbance peaks for amide I and II
bands at 1657 and 1551 cm™! respectively (Figure 5.27). The FTIR spectra for the control
PC and cements with 10 % FG after 1 h of the setting showed the standard FTIR pattern
for the typical PCs (Figure 5.28). However, foamed cements possessed relatively lower
absorbance peaks for the PC bands compared with the control. The peak corresponded to
unbound gypsum at 1100 cm™ for all groups decreased over 2 h of the setting. The control
PC developed an additional peak at 980 cm™ which corresponded with the formation C-
S-H. In contrast, the foamed cements indicated a small peak at the same wavenumber

compared with the control.
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Figure 5.27: FTIR of the foamed gelatine indicating the amide I and II bands.
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Figure 5.28: FTIR spectra for the control and cements with 10 % FG at different PLRs
after a) 1 h and b) 2 h of setting. The peak at 1100 cm™ for vz stretching of SO,*
corresponded with unbound gypsum decreased over 2 h of the setting for all groups. A

broad peak at 980 cm™ corresponded to C-S-H was developed for the control after 2 h of

setting.
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5.1.13 Effect of the soaking media on the setting of PC

There was noticeable difference between the cements soaked in DW and PBS/FCS.
The cements stored in DW were covered by multiple hexagonal crystals on the outer-
surface (see appendix chapter for EDS analysis, section 8.4, subsection 8.4.1). Whilst,

cements immersed in PBS/FCS were covered by a white deposit as shown in Figure 5.29.

e 206 ]

o  Sample in PBS/FCS

Figure 5.29: Image captured from the cements soaked in DW (left) and PBS/FCS (right)
with corresponded SEM images. A white deposit covered the outer-surface of the cements

stored in PBS/FCS. While, for samples in DW large hexagonal crystals were visible.

The cross-section of the cements stored in DW, SBF, PBS and PBS/FCS were analysed
using SEM/EDS technique (for full analysis refer to appendix, section 8.4, subsection
8.4.2). SEM analysis was carried out using both secondary and backscattered electron
imaging to detect differences in chemical composition. SEM images of the cement stored
in DW revealed no additional deposit on the outer-surface of cement and only the bright
bulk cement was apparent as shown in Figure 5.30. Conversely, immersion of cements

in other media than DW indicated formation of a deposit according to EDS analysis.
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Samples stored in PBS/FCS showed the thickest deposit compared with other media as
shown in Figure 5.31.

The elemental analysis of the powder scraped from the surface of SBF, PBS and
PBS/FCS groups revealed a considerable amount of phosphorous, carbon and calcium,
which suggested the presence of carbonated apatite layer although the Ca/P atomic ratio
varied between the different samples. The 7-day Ca/P ratios for SBF, PBS and PBS/FCS
were 3.83, 1.60 and 3.95 respectively. The Ca/P ratio values were further reduced to 2.26,

1.37 and 2.89 respectively after 30 days (refer to appendix,section 8.4, subsection 8.4.2).
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Figure 5.30: Secondary electron image (left) and backscattered electron image (right) of
the cement (x6 k) after 30 days of hydration in DW. There was no deposit on the outer-

surface of the cement.
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Figure 5.31: Secondary electron (left) and backscattered electron images (right) of the
cements (x6 k) which were soaked in SBF (a and b), PBS (c and d) and PBS/FCS (e and
f) for 30 days. The most uniform carbonated apatite layer was observed for PBS/FCS
group.
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FTIR analysis on the outer-surface of cements stored in different media is shown in
Figure 5.32. The absorption of the typical PC bands increased over time for the cement
stored in DW including a broad band for C-S-H at 980 cm™! and intensive peaks at 700 and
870 cm™ for calcium carbonate in the forms of calcite and aragonite. In contrast, cements
stored in other media than DW, showed an extra peak at 1020-1030 cm™ for v5 stretching
of PO,* which was the main chemical group for apatite and its absorption increased over
time. There was a weak peak for CO3* group of carbonated apatite at 870 cm™! which

was shown to increase with time.
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Figure 5.32: FTIR spectra of the outer-surface of the cement stored in different media
after a) 7 days and b) 30 days. Only the cement immersed in DW developed a broad peak
for C-S-H at 980 cm™'. When cements were stored in other media than DW, there was an

additional absorbance peak around 1020-1030 cm! for v5 stretching of PO4* of apatite.
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5.1.14 Microstructure analysis of the foamed cements

SEM examination of the inner-surface of the control and cements with 10 % FG at
three PLRs is shown in Figure 5.33. All groups showed the main hydration phases in-
cluding C-S-H gel, hexagonal calcium hydroxide and needle-like ettringite crystals. For
the foamed cements increasing the PLR increased the size and number of calcium hy-

droxide crystals.
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Figure 5.33: SEM micrographs of a) control and foamed cements at PLRs of b) 4.0 g/ml,
¢) 4.5 g/ml and d) 5.0 g/ml. All the samples indicated the presence of C-S-H gel, calcium
hydroxide (CH) hexagonal crystals and needle-like ettringite crystals like the control.
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5.1.15 Pore size distribution of the porous cement

SEM micrographs of the control and the foamed cements indicated a distinct differ-
ence upon addition of the FG. The inner-surface of the control cement was relatively
smooth with few pores/voids at after 7 and 30 days (Figure 5.34). Meanwhile, the foam-
ing process induced large spherical pores as shown in Figure 5.35. The pores appeared
to be interconnected by many smaller pores which were clearly visible in SEM images.
However, it was shown that increasing the PLR of the foamed cement to 5.0 g/ml reduced
the number of large pores compared with the lower PLRs although they were still inter-

connected.

e

: - 1 mrm EHrwuu o
WD 215 min -(Iﬂys ﬁ | E— WO = 230 3“'(13}'8

S

EHT = 10.00 kY

Figure 5.34: SEM micrographs of the inner-surface of control at magnification of x40

after a) 7 and b) 30 days. The surface appeared smooth with few pores/voids.
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Figure 5.35: SEM micrographs of the inner-surface of the foamed cement at PLRs of
4.0 g/ml (a and b), 4.5 g/ml (c and d) and 5.0 g/ml (e and f) after 7 and 30 days. The
FG induced the formation of large spherical pores. The increase in the PLR reduced the
number of large pores, although majority of pores were still interconnected by smaller

pores.
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The frequency of pore size distribution of the control and the foamed cements at dif-
ferent PLRs and storage times were calculated based upon image analysis of six SEM
images per group (Figure 5.36). The control PC showed low frequency of the pores from
50 to 200 pm. In comparison, all the foamed cements regardless of which PLR was used,
indicated a hierarchical pore size distribution from 50 to 800 pm with the centring peak
around 50 to 100 um. Moreover, the frequency of pores larger than 50 ym was maintained
as the hydration time increased. Although the pores with diameters of greater than 400

pm were more noticeable at a PLR of 4.0 g/ml compared with the other PLRs.
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Figure 5.36: Frequency of the pore size distribution of the control and the foamed ce-
ments at different PLRs after 7 days (left) and 30 days (right). The foamed cement at 4.0

g/ml showed a noticeable frequency of pores larger than 300 m compared with others af-

ter 7 days. Whilst, the foamed cements maintained the hierarchical pore size distribution

over 30 days compared with the control.



Chapter 5. Development of novel foamed PC 148

5.1.16 Effect of casting methods on the geometry of pores

Injection of the foamed pastes 2.5 min after mixing at the lowest PLR (4.0 g/ml) and
the highest PLR (5.0 g/ml) were shown to maintain the geometry of pores compared with
when the cement was cast using spatula (Figure 5.37). In the both methods, spherical
pores with certain degree of interconnectivity were generated from the foaming process.
Furthermore, the total relative porosity of foamed cement was very similar in the both

methods.
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Figure 5.37: SEM micrographs of the foamed cement at PLRs of 4.0 g/ml (a and b) and
5.0 g/ml (c and d) using different casting methods. Both injection and casting of cement

using spatula maintained the spherical pores.
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5.1.17 Pores size distribution of interconnected pores using MIP

The pore size distribution of interconnected pores for the foamed cements were deter-
mined against the unmodified PC (control) using MIP (Figure 5.38). The control cement
showed a unimodal pore size distribution centred between 0.01-0.1 pm. Meanwhile, the
foamed cements showed a multimodal pore size distribution between 0.01-0.1 pm, 0.5-2
pm and 10-60 pm. It appeared that increasing the PLR reduced the proportion of inter-

connected pores larger than 10 ym compared with the lower PLR.

0.30 1 B

0.25 { k
@
0.20 | Pores'within Poves betwesin ’I Macro-pores induced
precipitated crystal ﬁ by foaming agent
0.15 crystals agglomerates

0.10

—&— Control

—@— 10 % FG (4.0)
—w— 10 % FG (4.5)
—C— 10 % FG (5.0)

0.05

0.00

Log differential intrusion (ml/g)

0.01 0.1 1 10 100
Pore entrance diameter (pm)
Figure 5.38: Pore size distribution of open pores for the control and the foamed cements.
The intrinsic porosity ranging from 0.01 to 2 um corresponded with the pores within
and/or between the precipitated crystals as shown in SEM image (a). The interconnected

pores within large macropores were shown to be larger than 10 ym as shown in SEM

image (b).
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5.1.18 Phase composition analysis using XRD

Considering all the samples contained 20 wt% bismuth oxide, the triplet peak centred
at 20 = 27° was used to normalise all the XRD data (Figure 5.39). After 7 days, the main
crystalline phases found from the XRD patterns of the control PC and the foamed cements
were calcium hydroxide, bismuth oxide and calcite. C-S-H could not be detected by XRD
due to its amorphous structure. Within foamed cements, there was a positive correlation

between increasing the PLR and the calcium hydroxide formation.
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Figure 5.39: XRD patterns of the control and the foamed cements at different PLRs after
7 days. Within foamed cements, the intensity of calcium hydroxide increased with the

increase in the PLR compared with the control.
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After 30 days of hydration, all cements still indicated the typical peaks for PC includ-
ing calcium hydroxide peak at 260 = 18° as shown in Figure 5.40. Meanwhile, the peak

corresponding with the calcite at 260 = 29.4° was lower compared with the 7-days XRD

patterns.
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Figure 5.40: XRD patterns of the control and the foamed cements at different PLRs after
30 days. All groups showed the peak corresponded with calcium hydroxide. Meanwhile

the peak for calcite decreased considerably when compared with 7-days patterns.
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5.2 Discussion

5.2.1 Liquid foam characterisation
5.2.1.1 Foamability

A higher foaming capability was identified for polysorbate 80 solution compared with
gelatine possibly due to the greater efficiency of low MW foaming agents in reducing the
surface energy than high MW [15, 168]. The foamability remained almost constant for
the range of concentrations used in this study (Figure 5.1) which correlated with previous
studies [15, 16]. This is potentially due to surfactants having a critical micelle concentra-
tion (CMC), which is described as the concentration above which micelles form across
the interface [168]. And as the concentration of polysorbate 80 in the present study ex-
ceeded the CMC of 1.3 x10"! wt%, it means that the surface has become fully saturated,
hence the foamability remained constant.

The CMC value for gelatine has not been determined and previous studies reported
that above a concentration of 1.5 wt%, the foamability remained constant, which was also
the case in the present study (Figure 5.1) [16]. Surprisingly, all previous studies fabricated
foamed CPCs using 20 wt% FG which differed from the present study [15, 16, 118, 119,
131]. This difference may have arisen from earlier magnetic shakers being unable to foam
a very viscous gelatine solution compared with a domestic mixer which oscillates more

rapidly (11000 rpm) than the magnetic shakers (1200 rpm).
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5.2.1.2 Foam stability

The increase in the foam stability of gelatine compared with polysorbate 80 (Figure
5.2) correlated with previous studies since high MW foaming agents allowed the contin-
uous phase of the foam to have a high viscosity [15, 16, 118, 119, 131]. As a result, both
gravitational drainage of liquid and bubble coalescence were limited, thus increasing the
stability of the foam [15, 16]. In addition, proteins such as gelatine could have created a
viscoelastic film by intermolecular covalent disulphide bonds to surround the entrapped

air and improved the stability of the foam compared with polysorbate 80 [16].

5.2.2 Effect of foaming agents on the setting time and injectability of
PC
5.2.2.1 Setting time

It appeared that both concentration of foaming agents and PLR played key roles in the
setting time of the PC. As expected, a reduction in the initial setting time of PC containing
1 % FG occurred due to using high PLRs (Figure 5.3) [119]. The delay in the initial setting
time of PC containing 10-20 % FG may have occurred for two reasons: either the foam
was not used as the only liquid phase to mix with the powder phase, so the foam phase
could have introduced extra water into the model system and lowered the PLR. Or the
increase in the viscosity of the cement with increasing gelatine content possibly interfered

with the dissolution of calcium-silicate phases by preventing the diffusion of ions which
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was previously shown to retard the final setting time of CPCs [119]. Thereby, at the
same PLR, increasing the concentration of gelatine to 10 wt% should have lengthened
the setting time result, which did not occur. This is potentially because the setting time
measurements were carried out at room temperature, allowing the gelation of the gelatine
to take place. This could have inhibited the Gilmore needle from penetrating the surface,
resulting in the setting time being reduced (Figure 5.2), which was also found in previous
study [119].

Non-ionic and hydrophilic surfactants including polysorbate 80 have been shown to
be more effective in retarding the setting time of bone cements by inhibiting the hydration
of the cement (Figure 5.4) [118, 169]. The negative influence of FP on the setting time
of PC with increasing concentration was in accordance with a previous study on CPCs
[118]. The exact underlying mechanism is not clear, but one possible explanation could
be that the disruption of the foam (arising from the low foam stability of polysorbate 80
immediately after it was mixed with water) which could have introduced a significant
amount of water into the PC model system, and delayed the setting and hardening of the
PC.

Other than varying the concentration of foaming agents to accelerate the setting time,
the effect of altering the PLR was examined also, as a long setting time would be un-
desirable regarding longer hospitalisation time and higher cost for healthcare [7, 8, 10].
Nevertheless, some researchers believe that a longer setting time of injectable bone ce-

ment could be acceptable as it does not have to set fully prior to wound closure as long
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as the cement maintains its integrity [15]. In the present study, as expected increasing the
PLR to 5.0 g/ml accelerated the setting reaction by reducing the amount of liquid phase
which increased the rate of precipitation and thus, hardening of the PC [10, 59]. This
allowed a setting time of 25 min even upon addition of 10 % FG. The obtained setting
time value was very similar to the setting time of PMMA (20 min) [6, 10].

The alternative method to reduce the setting time could have been increasing the cal-
cium chloride concentration to 10 wt% as it accelerated the setting time of PC according
to the results presented in chapter 3 (Figure 3.1). However, increasing the concentration
of calcium chloride was shown to reduce the compressive strength of the cement (Figure

3.7) as well which would be undesirable.

5.2.2.2 Injectability

Cements containing 10 % FG exhibited a very high injectability (Figure 5.5) and ex-
cellent cohesion (Figure 5.26) even at high PLRs and therefore, incorporation of 10 wt%
calcium chloride could have exerted additional liquefying effect and caused the paste to
seep out. High injectability and excellent cohesion are considered as important require-
ments for bone cements for PVP applications [5, 6, 10]. The improvement in handling
properties of the foamed PC compared with the control could have been attributed to the
increase in the viscosity of the liquid phase [15, 16]. This prevented powder segregation
and maintained a homogeneous extrusion of the cement paste without the risk of phase-

separation [16]. Owing to the gelation of FG, the foamed cement maintained its integrity
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after injection into the hollow space which may suggest that the foamed cement ensured
the early stabilisation of cement without leaking out of the vertebral body [15, 16].

The efficacy of FP in dispersing cement particles has been reported to rely on numer-
ous factors including composition of cement, mixing condition, concentration of sulphate
in the cement and type/concentration of surfactant [169, 170, 171]. The carboxyl groups
present within the backbone of polysorbate 80 are responsible for its adsorption on the
cement surface [171, 172]. Besides, the presence of calcium chloride in this PC model
system promoted faster consumption of the gypsum which previously was shown to allow
the adsorption of polymer surfactant onto the cement [169, 172]. The result (Figure 5.6)
also indicated the important influence of surfactant concentration, which led to phase-
separation of the paste and limited its usage with this novel PC. Considering all these
factors, addition of 10 % FG at its highest foam stability demonstrated the most suitable

properties for PVP application.

5.2.3 Characterisation of the PC setting reaction in the presence of
gelatine
5.2.3.1 Setting reaction of cement

A previous FTIR study on foamed CPC reported partial leaching of the gelatine from
CPCs after 12 days of setting [119]. However, in the present study the amide I and II bands

for gelatine (Figure 5.27) overlapped with the standard PC bands (Figure 5.28) making it
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difficult to definitively conclude the extent of gelatine leaching after 7 days. In addition,
the FTIR study implied that the peak corresponded with C-S-H; the main strengthening
phase did not develop for the foamed PC after 2 h of setting, which correlated with the
setting time data [6, 60]. These observations contrasted with the previous study where
no difference was identified between FTIR spectra of foamed and control CPCs [119].
The difference in interaction of gelatine with cement in terms of the retardation of PC
dissolution compared with CPCs may provide a possible explanation.

The XRD spectra for both storage times (Figure 5.39-40) indicated no significant dif-
ference since the development of calcium hydroxide as the by-product of C-S-H formation
was observed for both control and foamed cements. This indicated that addition of gela-
tine did not interfere with the setting reaction after 7 days and the inhibitory effect of
gelatine on the setting of the PC was more likely to be temporary. The microstructural
analysis (Figure 5.33) also revealed no detrimental effect of gelatine on the formation of
hydration phases after 7 days, whilst increasing the PLR of the foamed cement promoted
more calcium hydroxide formation that correlated with the XRD spectrum. It is important
to note that C-S-H gel could not be detected by XRD due to its amorphous structure in
agreement with Camilleri ef al [152], thus identification of calcium hydroxide could be

possibly used to indirectly measure the formation of C-S-H.
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5.2.4 Porosity and mechanical properties of foamed cement
5.2.4.1 Porosity studies

Porosity data showed that (Figure 5.8, 10 and 12) surfactant (gelatine) even at high
PLRs successfully stabilised the foam at the water-air interface by reducing the surface
energies needed to create bubbles [15, 119]. However, the total porosity of this novel PC
was remarkably lower compared with the previous studies where a total porosity of 64-73
9% for CPCs was reported [16, 119]. This difference arose since PCs could not be used
at low PLRs of 1.25-2.50 g/ml in a similar manner to CPCs, due to a long setting time
and phase-separation of the paste [5, 6, 60]. In addition, higher gelatine concentrations
along with increased amounts of powder could have delayed the foam maturation process
[15, 16, 119]. The delay may have been caused by the increased viscosity and the shear
stress applied during the mixing stage which disrupted bubble coalescence and lowered
the number and size of pores [15]. Although there is no consensus on how much porosity
is desirable, the present study demonstrated that for the first time a novel self-setting
porous PC was developed which maintained spherical pores over 30 days. At the same
time, the precipitation of the hydration phases over time have filled the nano-micron sized
pores which explained the reduction in the intrinsic porosity of cement over time (Figure

5.9).
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5.2.4.2 Pore size distribution of foamed PC

A decrease in total porosity was expected with production of irregular pore geometry
as bubbles were forced out of the syringe which could have destroyed the bubbles par-
tially. Interestingly, the total porosity and pore geometry (Figure 5.37) were maintained
for the foamed cement even 2.5 min after injection. From SEM micrographs it was evi-
dent that both methods of casting induced large spherical pores possibly due to high foam
stability of gelatine which overcame the cohesive force upon the setting reaction of the
cement [16, 119]. For this reason, the current method to fabricate porous cement could
be applied for PVP where the bone cement is injected through a needle.

Many studies reported a minimum pore size of 100 ym for bone ingrowth with an
optimum size of 100-400 pm [89, 90, 91, 173]. The SEM and image analysis of the
present study clearly indicated that the foamed PC at PLRs of 4.0-4.5 g/ml possessed
plenty of large pores in the range of 100-400 pm (Figure 5.36-7). Large pores can be
interconnected by micropores or coalescence of adjacent bubbles which increases the
surface area available for fluid transport thus, facilitating the survival of cells within the
bulk of the cement [15, 173]. When interpreting the data from MIP (Figure 5.38), it
is important to remember that MIP only measures the entrance pore size which is the
interconnections between pores [16, 174]. For the foamed PC at the lowest PLR, 14 %
of open pores were centred around 30 pm and this value decreased to 10 % and 8 %
for 4.5 g/ml and 5.0 g/ml respectively. This may have suggested that at the lowest PLR

the foamed PC showed the most promising properties to favour bone ingrowth. A recent
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in vivo study by Bohner ef al. [173] indicated that within 3 weeks, mineralised tissue
within micropores as small as 1 ym was formed. This mineralised tissue was only shown
to form when the pores were interconnected by pores larger than 1 pm, therefore, the
obtained results in the present study showed plenty of interconnected pores large enough

to accommodate vascularisation and nutrient transport.

5.2.4.3 Mechanical properties

The relationship between relative porosity and compressive strength of the cement
is inversely logarithmic according to Griffith's theory [101, 102, 175]. The increase in
total porosity of the foamed cement resulted in the loss in strength as expected (Figure
5.8,10 and 12). Many factors are known to influence strength such as homogeneity of the
cements matrix, particle size, porosity, critical flaw size, soaking media and PLR [175].

The hydration of PC can continue up to 30 days where 80 % of the hydration is com-
pleted [59, 60], thus the compressive strength of the cement would also be expected to
increase, which did occur in the present study (Figure 5.8,10 and 12) even in the presence
of gelatine. This finding is quite important since all the previous studies only consid-
ered the early mechanical properties (7-12 days) of foamed CPCs [16, 119, 131, 174].
Thereby, addition of gelatine was shown to not interfere with the normal hydration of PC
in the long-term which makes it a suitable porogen for PC-based cements. Furthermore,
increasing the PLR of the foamed cement positively improved the hydration rate of the

cement by accelerating the formation of main strengthening phase; C-S-H [6, 60]. This



Chapter 5. Development of novel foamed PC 161

highlights that the properties of foamed cement can be readily optimised for a specific
application.

The lower compressive strengths values compared with previous studies was unex-
pected as a higher PLR was used to produce the foamed cements in the present study
[16, 119, 131, 174]. This difference could have arisen from the difference in the particle
sizes of the starting material and method of introducing the foam to the system which
introduced a considerable amount of water. Previous studies reported a median particles
size of 5.4-7.3 pum for foamed CPCs [16, 118, 119, 131], which has shown to increase
the hydration rate and improve the early strength compared with the coarser cements
[176, 177, 178]. PC is a mixture of clinkers, and the particle size has been reported to
be in the range of 5 to 90 pm, which is already higher than CPCs [179]. Therefore, the
influence of particle size appeared to overpower the effect of PLR in this study and needs

to be addressed in further studies.

5.2.4.4 Effect of storage media and regime on the strength of PC

The soaking environment significantly affected the strength of both the control and
foamed cements. No difference in the compressive strength of controls stored in different
media was expected, however the strength was remarkably improved in PBS or PBS/FCS.
Many studies reported that mixing of the cement with serum reduced the mechanical
properties of MTA and CPCs by inhibition of the precipitation of hydration phases [5, 134,

175, 180, 181, 182]. However, in the present study the cement was only exposed to serum
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containing media once it was set which limited the interactions of proteins with the bulk
material. In addition, bodily fluid contains many biomolecules such as enzymes (alkaline
phosphatase), vitamins and ions etc. which further complicate the interactions between
the body and the biomaterial [134, 180]. In fact, interactions of other biomolecules in
serum may have accelerated the hydration of cement and limited proteins interactions for
PC system with a very low porosity (11-14 %).

A higher compressive strength for foamed cements stored in PBS was expected, yet
the compressive strengths values for samples stored in DW were higher than the other me-
dia in accordance with previous study [119]. This could have occurred as a consequence
of the lower solubility of PC in water which limited the leaching of gelatine, so that it
acted as an agglutinant to PC crystals and enhanced the strength of the cement [119].
On the other hand, immersion of samples in PBS containing solutions could have slowed
down the precipitation of hydration phases due to interactions of calcium and silicate ions
with other ions in PBS, and thus increased the dissolution of cement (solubility) [175].
This might have led to increase dissolution of gelatine, hence loss of more gelatine which
reduced the mechanical strength of the cement by increasing the porosity according to
previous studies [119, 132, 183]. Therefore, increasing the solubility of porous cement
could have overcome the effect of serum components on the hydration rate of cements
compared with low porosity system. Unfortunately, the leaching of gelatine could not be
determined in the present study as the amide bands of gelatine overlapped with PC bands.

Refreshing the media on daily basis reduced the strength of the cement (Figure 5.16)
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compared with the static regime. Once the medium was refreshed on daily basis, the
precipitated by-products could have been removed, thus the equilibrium may have not
been reached and allowed further dissolution of the cement each time the medium was re-
freshed [184, 185]. For these reasons, solubility and the total porosity were all increased.
Despite the adverse effect of the dynamic regime on the setting of the cement, the com-
pressive strength values were still higher than healthy cancellous bone (2-9 MPa) and

therefore, potentially suitable for load-bearing applications [22].

5.2.4.5 Investigation of the strength-deteriorating effect of gelatine

Regardless of the immersion media used for the cements, the similar strut densities
of all foamed cement and controls (Figure 5.18-19) indicated that the addition of gelatine
did not interfere with normal hydration of cement, which correlated with XRD data unlike
other porogens such as mannitol and sucrose (Figure 4.10). Studies on the early strength
of foamed PC as a function of porosity indicated that the strength-deteriorating effect of
gelatine was dependent on the soaking media (Figure 5.14). The partial cross-linking
of gelatine when samples were immersed in DW could have acted as a flaw as well.
Conversely, when the cement was soaked in PBS-containing solutions, the leaching of
gelatine limited its interaction with cement reactants and thus no change in the materials

constants (Figure 5.15) [119, 184].
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5.2.4.6 Weibull modulus studies

The Weibull modulus values obtained in the present study were within the range of
ceramic materials (5-20) [142, 186]. According to the strength-porosity results, the re-
duction in the reliability of strength (Figure 5.25) upon the addition of gelatine were
as expected. However, the reduction in the reliability of the data only became signifi-
cant when 10 % FG was added to the cement. Despite this, the Weibull modulus values
for the foamed cements in the present study were still higher than macroporous CPC
[187]. A previous study demonstrated by Seuba et al. indicated that for porous ceram-
ics, the Weibull modulus was dependent upon the wall thickness of the pores rather than
porosity, whilst the compressive strength was influenced only by porosity [188]. There-
fore, the Weibull modulus and compressive strength were shown to be controlled quasi-
independently [188]. Furthermore, the influence of porosity on the Weibull modulus of
porous ceramic is not entirely understood, due to the difficulties in controlling individual
features of porous ceramics which should be addressed in future studies [186, 188].

Cements were more reliable when stored in PBS/FCS than DW. The improvement
in the reliability of data could arise from the additional interactions between cement re-
actants and PBS solution as explained previously. However, no study has investigated
the effect of soaking media on the reliability of strength data which makes it difficult to
draw a definite conclusion. This perhaps suggests that for a ceramic material, using the
mean strength value could be misleading and measuring the Weibull modulus along with

strength studies could provide a better understanding.



Chapter 5. Development of novel foamed PC 165

Comparing the reliability of controls obtained in the present study (Figure 21-2) with
results presented by Wynn-Jones et al., indicated that the reliability of strength data was
lowered by incorporation of bismuth oxide [6]. Coomaraswamy et al. demonstrated that
bismuth oxide had a detrimental effect on reliability of PC by increasing the size of flaws
[102]. This may suggest that for future studies investigation of other radiopacifying agents

for PC-based cement should be considered.

5.2.5 Effect of storage media on the setting of PC

Various studies have reported that the Ca/P ratio of apatite deposits on MTA were
greater than 1.67 indicating the formation of carbonated apatite which favours new bone
formation [135, 136, 189]. Following previous studies, using complementary techniques
such as SEM (Figure 5.31) and FTIR (Figure 5.32) both clearly indicated that the chemical
composition of the outer-surface of PC was modified by immersion in physiological fluids
[133]. However, the uniformity and Ca/P ratio of these deposits were highly dependent

on the chemical composition of the soaking/immersion media [133, 135, 136, 189].

5.2.5.1 Setting of PC in SBF

Kokubo et al. [190] suggested that formation of carbonated apatite on any biomaterial
soaked in SBF was an indication of in vivo bioactivity [133, 190]. However, this sugges-
tion was shown to be invalid as many studies reported no bone integration was evident in

vivo [133, 191, 192, 193, 194]. A review by Bohner ef al. [133] also reported a lack of
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scientific evidence to accept the suitability of SBF for bioactivity testing, which correlated
with the obtained results since very little carbonated apatite deposit was formed compared
with serum containing solution [133]. There are two main differences between serum and
SBF which limits its use: 1) absence of serum proteins which may inhibit or promote
apatite formation and ii) addition of TRIS buffer to SBF. Therefore, interpretation of any

results obtained from immersion of a material in SBF should be done with caution [133].

5.2.5.2 Setting of PC in presence of proteins

Many studies have reported that PBS promoted the formation of apatite deposits on
CPCs and PCs [58, 82, 134, 135, 189]. The outer-surface of PC was shown to become
a reactive substrate upon immersion in culture medium. The formed HA on the outer-
surface of the PC could have occurred due to the high pH and series of reaction between
cements reactants and the storage medium as explained elsewhere by Gandolfi et al.,
which promoted the formation of carbonated apatite [82].

During PVP procedures, bodily fluid including proteins will be immediately adsorbed
on the external surface of the biomaterial. Therefore, addition of 10 % FCS to PBS was
important to mimic in vivo conditions [195, 196]. Interestingly, in the presence of serum
proteins, formation of carbonated apatite was accelerated with a higher Ca/P ratio than
identified in samples immersed in PBS. This could have occurred due to the presence of
other biomolecules which may have promoted carbonate ions to substitute the phosphate

ions during maturation of apatite as well as increasing the nucleation sites for apatite
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precipitation.

The strut density of sample stored in PBS/FCS was 2.71 g/cm® which was signifi-
cantly higher than the density identified after storage in DW (Figure 5.18-9). Since the
porosity values were similar in both media, the deposition of HA with density of ~ 3.14
g/cm? could be the reason for higher density values. Many studies on CPCs indicated that
proteins inhibited the formation of HA on brushite cements, [133, 134, 182, 184], whilst,
others reported the formation of the HA in vivo [195, 196]. Hence, FCS could either
inhibit or promote HA formation according to the types and concentration of proteins as
well as cement composition [133]. Bohner et al. also indicated that immersion of a solid
biomaterial into serum could modify the composition of the solution, which can either
inhibit or promote apatite formation [133]. The setting of PC increased the local pH of
the solution by three pH units which then reduced the HA solubility by 10-100-fold and

accelerated apatite formation.

5.2.6 Solubility of PC

The solubility of PC (Figure 5.20) was shown to be much lower compared with re-
ported values in literature mainly due to using higher PLRs in the present study which
limited the dissolution of cement [135, 136]. It was shown that the solubility of the
samples in PBS/FCS was lowered compared with PBS. This could be attributed to the
formation of much thicker carbonated apatite on the outer-surface of the cement which

may have acted as a diffusion barrier and limited the ionic exchange between cement and
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serum [134, 175]. In addition, FCS contains 50-90 ppm calcium ions compared with PBS
solution which could also reduce the solubility of PC in agreement with previous studies

[134, 175, 184, 185].

5.3 Summary

To summarise the results of this chapter indicated that by changing the PLRs and
content of added FG, it was possible to optimise the material properties to develop a
porous self-setting PC with high injectability and sufficient early mechanical strength
to stabilise the fractured vertebral body. However, the setting time was doubled which
is undesirable for vertebroplasty applications. Hydration of the PC in the presence of
proteins promoted formation of carbonated apatite which is important for bone formation

at the surface of the biomaterials.
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Conclusions

The sufficient durability and compressive strength of PCs have been the main driving
forces in development of this material for medical applications [59, 60]. The major finding
of the first chapter was that the PC model system with a combination of 75 wt% PC,
20 wt% bismuth oxide and 5 wt% calcium chloride, demonstrated the optimal setting
time, injectability and compressive strength for load-bearing applications regardless of
the ageing of the cement over time. The degradation of the cements reactants with storage
reduced the reactivity of the cement and prevented sodium citrate additions from causing
flash setting of the old batch in contrast to the new batch [14].

The addition of both soluble sugars and sodium bicarbonate to the PC, appeared to ad-
versely influence the material properties of PC with no creation of macropores. However,
the mechanism causing these negative effects differed for each porogen. When sugars
added to the cement, the setting time increased and cement pastes behaved as liquids,
as sugars appeared to adsorb onto the cement surface and poisoned the hydration of the
cement [154, 156]. Subsequently, the intrinsic porosity increased due to the increase
in the unreacted water within the paste, resulting in a very weak cement, unsuitable for

load-bearing applications. The addition of sodium bicarbonate above 5 wt% appeared to
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interfere with alkaline setting reaction of the PC and made the paste too dry to work with
[161, 197].

When gelatine was added as a protein based foaming agent to the cement, the high
viscosity of gelatine allowed a homogeneous extrusion of the cement through the syringe
even at high PLRs. Although gelatine possessed a very high foam stability, the coales-
cence of bubbles still occurred which allowed formation of large spherical pores ranging
from 100 to 400 um after the setting of the cement. These large pores were intercon-
nected by smaller pores typically with diameters larger than 10 ym. The total porosity
of the foamed cement could be optimised by changing the PLR of the system. The in-
crease in the porosity of foamed cement appeared to increase the solubility and reduced
the compressive strengths to a level higher or comparable with that of healthy cancellous
bone. Therefore, this porous injectable PC has the potential to be used for load-bearing
applications, although in vitro and in vivo assessments of this cement is needed to confirm

and improve this PC formulation.
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Future work

The investigation of batch stability using XRD indicated a general degradation of ce-
ment over time compared with the fresh new batch despite storage of the PC powder in
a desiccator. For future work, studying several aged batches over a range of humidities
and temperatures could provide a better insight into the ageing process. In the present
study, type II Mastercrete Lafarge PC was used due to its high early compressive strength
demonstrated by previous research conducted within the Biomaterials Unit of the Univer-
sity of Birmingham [6, 66, 102]. For future studies, investigation of the effect of additives
on the other types of PC cement from different sources could allow identification of a new
working window for sodium citrate.

Throughout this project a variety of complementary techniques were used to charac-
terise the influence of porogens and foaming agents on the setting of the PC. To com-
pletely understand the underlying mechanism of each porogen, using other techniques
such as zeta potential and differential scanning calorimetry (DSC) could be beneficial to
further explain injectability and the setting reactions. Zeta potential measures the surface
charge of the cement during its setting reaction. Such data could be used to further ex-

plain injectability studies [6, 198]. DSC measures the enthalpy change during the setting
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of the cement. The result of DSC is particularly useful since the hydration of PC contains
couple of exothermic peaks within the 2 h of the setting. This can be traced and used to
compare the heat profile of modified cements with control to identify any change in the
overall energy release of PC [199, 200].

Since the particle size of starting material plays an important role in the ultimate me-
chanical properties of the set cement, sieving the powder to obtain fine particles without
any agglomerates will be recommended to improve the compressive strength of foamed
cements. The median particle size of cement can be measured more precisely using laser
diffraction techniques for direct comparison with previous studies [22].

In the present study the average pore size was calculated based upon machine learning
algorithms previously shown to be an accurate and reliable method to distinguish spherical
objects from the surface of a biomaterial [138, 139]. It may be desirable for future studies
to reconstruct the 3D model of porous PC using a micro-computed tomography (micro-
CT) to analyse the sample in 3D environment [201, 202]. Micro-CT can provide useful
information about pore size distribution as well as micro and macroporosity of the porous
ceramics. However, the resolution of micro-CT can be problematic if the pores are smaller
than the resolution of the machine as the machine cannot detect smaller pores. This
technique is also very expensive and time consuming compared with SEM [201, 202].

The ultimate aim of this study was to find a suitable method to induce macroporosity
in PC-based cements, and there remains room for improvements. The setting time of 20

min for bone cement is an indication of the appropriate time for closure of the wound
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to minimise the hospitalisation time and ensure early stabilisation of the vertebral body.
Many factors are involved in changing the setting time of the cement such as PLR, parti-
cle size, additives and temperature [10, 15]. From the factors mentioned above, addition
of accelerants and increasing the PLR were shown to reduce the setting time of foamed
cements to 25 min. However, the porosity and interconnectivity of foamed cements were
considerably reduced. Therefore, the addition of other available accelerants (sodium ni-
trate) or fibres (collagen) should be investigated to reduce the long setting time of the
foamed cement at a low PLR.

The compressive strength of different types of bone cement has always been measured
as the main mechanical property for vertebroplasty applications. Since PC is a ceramic
material, it will be recommended to measure other mechanical properties including bend-
ing strengths (three-point bending and biaxial flexural strength), bending modulus and
fatigue strength according to ISO 5833:2002 to examine the durability of this novel ce-
ment [6, 10, 40].

This has been the first study which successfully fabricated an injectable self-setting
porous PC for load-bearing applications. Hence, biological in vitro assessment of this
novel cement determining cell adhesion, gene expression and synthesis and mineralisation

of bone matrix would be important to obtain an indication of biocompatibility.
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Appendix

8.1 EDS analysis
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Clinker phase Chemical formula Atom Molecular mass
Ca 120
. . o 80
Alite 3Ca0.5i0; Si 8
Total = 228
Ca 80
; . O 64
Belite 2Ca0.S102 Si 8
Total = 172
Ca 120
wr . (0] 926
Tricalcium aluminate 3Ca0.Al,03 Al 54
Total = 270
Ca 160
o 160
Tetracalcium aluminoferrite 4Ca0.ALOsFe 03 Al 54
Fe 112
Total = 486
Ca 40
Caloium sulphate anhydrous CaS04 > 32
o 64
Total = 136
Ca 40
S 32
Calcium sulphate hemihydrate CaS04.H;0 O 80
H 2
Total = 154
Ca 40
S 32
Calcium sulphate dihydrate CaS04.2H,0 0 96
H 4
Total = 172
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Hydration phase Chemical formula Atom Molecular mass
Ca 240
8] 800
Ettringite 6Ca0. Al,03.3505.32H,0 ':l ;z
H 64
Total = 1254
Ca 160
(0] 352
Calcium monosulphate 4Ca0.Al,0:.80;.12H;0 21 ;f
H 24
Total = 622
Ca 160
8] 320
Calcium aluminate hydrate 4Ca0.AL;05.13H;0 Al 54
H 26
Total = 560
Ca 120
O 240
C-S-H 3Ca0.S10:.8H,O Si 28
H 16
Total = 376
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Theoretical ratio for clinker and hydration phases

Clinker phases Ca/O | Ca/Si | O/Si | Ca/Al O/Al CaFe | O/Fe | AlFe | Ca/S 0/s S/Al
Alite 1.50 4.29 2.86
Belite 1.25 2.86 2.29
Tricalcium aluminate 1.22 2.22 1.78
Tetracalcium aluminoferrite 1.00 2.96 3.00 1.43 1.43 0.48
Calcium sulphate dihydrate 0.42 1.25 3.00
Calcium sulphate hemihydrate 0.50 1.25 2.50
Calcium sulphate anhydrous 0.63 1.43 2.29
Hydration phases
cttringite 0.30 4.75 14.81 2.50 8.33 1.78
Calcium monosulphate 0.46 2.90 6.52 5.00 1100 | 0.59
C-S-H 0.51 429 8.57
Calcium aluminate hydrate 0.51 2.90 5.92
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EDS of the new batch of PC

47.01
Na 0.13
Mg 0.63
1.99
7.04
0.55
0.48
40.27
1.89

: 200um - Electron Image 1

Figure 8.1: SEM image of the new batch powder with corresponding EDS analysis.
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Observed ratio for the new batch of PC (wt%)

Ca/O Ca/S1 0/Si Ca/Al O/Al CaFe O/Fe AlFe Ca/S 0/S S/Al
0.85 5.72 6.68 20.24 23.62 21.31 23.97 1.06 73.22 85.47 0.28
Percentage difference between observed and theoretical ratios
Clinker phases Ca/0 Ca/Si 0/Si Ca/Al 0/Al CaFe O/Fe AlFe Ca/sS 0/s S/Al
Alite 4333 -33.00 | -134.00
Belite 32.00| -100.00| -192.00
Tricaleium aliminate 3033 -811.71 | -1226.97
Tetracalcium aluminoferrite 15.00 -583.78 -687.33 | -1390.21 | -1576.22| -120.83
calcium sulphate dihydrate -102.38 -5757.60 | -2749.00
calcium sulphate hemihydrate -70.00 -5757.60 -3318.8
calcium sulphate anhydrous -34.92 -5020.28 | -3632.31
Hydration phases
ettringite -183.33 -326.10 -59.49 -2828.80 -926.05 | 84.27
Caleium monosulphate -84.78 -597.93 -262.27 -1364.40 -677.00 | 52.54
C-8-H -66.67 -33.00 22.00
Calcium aluminate hydrate -66.67 -597.931 -298.99
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EDS of the old batch of PC

B >
0.69 £~ PF  specrums” ]
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' 200pm . Electron Image 1

Figure 8.2: SEM image of the old batch powder with corresponding EDS analysis.
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Observed ratio for the old batch of PC (wt%)

CalO Ca/Si 0/Si Ca/Al O/Al CaFe O/Fe AlFe Ca/S 0/8 S/Al
0.7 5.94 §8.49 18.86 26.96 22.12 31.62 1.17 23.89 34.15 0.79
Percentage difference between observed and theoretical ratios
Clinker phases Ca/O Ca/Si 0O/S1 Ca/Al O/Al CaFe O/Fe AlFe Ca/S O/s S/Al
Alite 53.33 -38.46 | -196.85
Belite 44.00 -107.69 | -270.74
Tricalcium aluminate 42.62 -749.55 | -1414.61
Tetracalcium aluminoferrite 30.00 -537.16 -798.67 -1446 .85 -2111.19 | -143.75
caleium sulphate dihydrate -66.67 -1811.20 | -1038.33
caleium sulphate hemihydrate -40.00 -1811.20 | -1266.00
calcium sulphate anhydrous -11.11 -1570.63 | -1391.27
Hydration phases
etiringite -133.33 -297.05 -82.04 -855.60 -309.96 55.62
Caleium monosulphate -5217 -550.34 | -313.50 -377.80 -21045 | -33.90
C-S-H -37.25 -38.46 0.93
Calcium aluminate hydrate -37.25 -550.34 | -355.41
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8.2 Effect of static and dynamic regimes on material prop-

erties

8.2.1 Compressive strength

Statistical analysis of data, NS = non significant.

7 days hydration in PBS/FCS

30 days hydration in PBS/FCS

Groups Static vs. Dynamic
Control p<0.05
5%FG p<0.05

10 % FG (4.0) p<0.05

10 % FG (4.5) NS

10 % FG (5.0) p <0.05

Groups Static vs. Dynamic
Control p<0.05
5%FG p <0.05

10 % FG (4.0) p<0.05

10 % FG (4.5) p<0.05

10 % FG (5.0) p <0.05

7 days hydration in PBS

30 days hydration in PBS

Groups Static vs. Dynamic Groups Static vs. Dynamic
Control NS Control NS
5%FG p<0.05 5%FG p <0.05

10 % FG (4.0) p <0.05 10 % FG (4.0) p <0.05

10 % FG (4.5) NS 10 % FG (4.5) p<0.05

10 % FG (5.0) p <0.05 10 % FG (5.0) p <0.05
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8.2.2 Relative porosity

7 days hydration in PBS/FCS 30 days hydration in PBS/FCS
Groups Static vs. Dynamic Groups Static vs. Dynamie
Control NS Control NS
5% FG NS 5%FG p <0.05

10 % FG (4.0) NS 10 % FG (4.0) NS
10 % FG (4.5) NS 10% FG (4.5) p <0.05
10 % FG (5.0) p <0.05 10 % FG (5.0) p<0.05
7 days hydration in PBS 30 days hydration in PBS
Groups Static vs. Dynamic Groups Static vs. Dynamic
Control p<0.05 Control NS
5% FG p<0.05 5% FG NS
10 % FG (4.0) p <0.05 10 % FG (4.0) p<0.03
10 % FG (4.5) p<0.05 10 % FG (4.5) p<0.05
10 % FG (5.0) p<0.05 10 % FG (5.0) p<0.05
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8.3 Effect of hydration media on solubility

8.3.1 PBS vs. PBS/FCS

Hydration day | PBS vs. PBS/FCS Hydration day | PBS vs. PBS/FCS
1-day p<0.05 1-day NS
3-day p < 0.05 3-da NS
Control 5-day p<0.05 10 . BG S-dai NS
7-day p <0.05 @0 7-day NS
14-day p < 0.05 14-day p <0.05
30-day p < 0.05 30-day p<0.05
Hydration day | PBS vs. PBS/FCS Hydration day | PBS vs. PBS/FCS
1-day NS 1-day NS
10 % FG 345g gt 10 % FG dddy NS
4.5) 5-day NS (5.0) 5-day p<0.05
7-day NS 7-day NS
14-day p<0.05 14-day p <0.05
30-day p <0.05 30-day p<0.05
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8.3.2 Solubility of samples in PBS

Solubility in PBS- 1-day

Control

10 % FG (4.0)

10 % FG (4.5)

10 % FG (5.0)

Control
10 % FG (4.0)
10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS- 3-day

p <0.05

p < 0.05

NS

NS

<0.05
p < 0.05

Control

10 % FG (4.0)

10 % FG (4.5)

10 % FG (5.0)

Control
10 % FG (4.0)
10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS- 5-day

NS

P <0.05

NS

NS

NS

NS

| Control |

10 % FG (4.0)

10 % FG (4.5)

10 % FG (5.0)

Control
10 % FG (4.0)
10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS- 7-day

NS

NS

NS

NS

NS

NS

| Control

10 % FG (4.0

| 10 % FG (4.5)

10 % EG (5.0)

Control
10 % FG (4.0)
10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS- 14-day

P <0.05

P<0.05

P <0.05

NS

NS

NS

Control |

10 % FG (4.0)

10 % FG (4.5)

10 % FG (5.0)

Control
10 % FG (4.0)
10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS- 30-day

P <0.05

P <0.05

P <0.05

NS

NS

NS

| Control |

10 % FG (4.0)

10 % FG (4.5)

10 % FG (5.0)

Control
10 % FG (4.0)
10 % FG (4.5)
10 % FG (5.0)

P <0.05

P <0.05

NS

P < 0.05

P <0.05

NS




Chapter 8. Appendix

186

8.3.3 Solubility of samples in PBS/FCS

Solubility in PBS/FCS- 1-day

Control

10 % FG (4.0) 10 % FG (4.5)

10 % FG (5.0)

Control P<0.05 P<0.05

P <0.05

10 % FG (4.0) NS

P <0.05

10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS/FCS- 3-day

P <0.05

Control 10 % FG (4.0)

10 % FG (4.5)

10 % FG (3.0)

Control P<0.05 P<0.05

P <0.05

10 % FG (4.0) NS

NS |

10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS/FCS- 5-day

NS

Control | 10 % FG (4.0) 10 % FG (4.5)

10 % FG (5.0)

Control P<0.05 P<0.05

P <0.05

10 % FG (4.0) P <0.05

P <0.05

10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS/FCS- 7-day

P <0.05

| Control | 10% FG (4.0) | 10 % FG (4.5)

10 % FG (5.0)

Control P <0.05 P <0.05

P <0.05

10 % FG (4.0) NS

NS

10 % FG (4.5)
| 10 % FG (5.0)
Solubility in PBS/FCS- 14-day

NS

Control

10 % FG (4.0) 10 % FG (4.5)

10 % FG (5.0)

Control P <0.05 P<0.05

P <0.05

10 % FG (4.0) NS

NS

10 % FG (4.5)
10 % FG (5.0)

Solubility in PBS/FCS- 30-day

NS

Control 10 % FG (4.0) 10 % FG (4.5)

10 % FG (5.0)

Control P<0.05 P < 0.05

NS

10 % FG (4.0) P <0.05

P <0.05

10 % FG (4.5)

NS




8.4 SEM analysis of the scraped off deposit

8.4.1 EDS analysis of the outer-surface of samples stored in DW and PBS/FCS
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Figure 8.3: SEM image of the sample stored in DW with corresponding EDS analysis.
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Figure 8.4: SEM image of the sample stored in PBS/FCS with corresponding EDS analysis.
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8.4.2 EDS analysis of scraped off powder in different media

2
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Figure 8.5: SEM image of the scraped off deposit from the sample stored in PBS for 7 days, followed by the EDS analysis and

the elemental mapping of the deposit.
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Figure 8.6: SEM image of the scraped off deposit from the sample stored in PBS/FCS for 7 days, followed by the EDS analysis

and the elemental mapping of the deposit.
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Figure 8.7: SEM image of the scraped off deposit from the sample stored in SBF for 7 days, followed by the EDS analysis and

the elemental mapping of the deposit.
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Figure 8.8: SEM image of the scraped off deposit from the sample stored in PBS for 30 days, followed by the EDS analysis

and the elemental mapping of the deposit.
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Figure 8.9: SEM image of the scraped off deposit from the sample stored in PBS/FCS for 30 days, followed by the EDS

analysis and the elemental mapping of the deposit.
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Figure 8.10: SEM image of the scraped off deposit from the sample stored in SBF for 30 days, followed by the EDS analysis

and the elemental mapping of the deposit.
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