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Abstract and Key Words

Fundamental and applied research on the reinforcement of polymeric materials using
nanotechnology is of tremendous potential importance to many industrial and scientific
areas, such as the biomedical, automobile and aeronautical industries. In the biomedical
industry, there is a sustained interest to develop novel bone cements with enhanced
mechanical properties. Bone cement is a self-polymerizing composite material of
poly(methyl methacrylate) (PMMA) which has been used in joint replacement surgeries
since the 1950s. Bone cement fills the space between the prosthesis and bone to stabilize
the implant and transmit functional loading. Joint replacement failure is due to a number
of factors, one of which is known to be bone cement mantle failure resulting from the
cement’s poor mechanical properties. The aim of this research was to test the efficacy of
using nanotechnology to improve the mechanical properties of PMMA based bone
cement.

This was accomplished through a range of different investigations. Focusing on
nanostructured titania (n-Ti0,) initially, titania nanofibers (n-TiO, fiber) and nanotubes
(n-TiO; tube) were introduced into a commercial PMMA matrix with the achievement of
increased fracture toughness (Kjc), flexural strength (FS) and flexural modulus (FM) of
the resulting nanocomposites. The n-TiO, fiber/tubes were surface treated to improve
dispersion and ensure compatibility with the PMMA matrix using the bifunctional
monomeric coupling agent, methacrylic acid (MA). MA has two distinct centers of
reactivity, one links with the inorganic nanofiller through a molecular bridge, while the
other establishes a covalent bond with the polymer chain. On the basis of the determined

mechanical properties, an optimum composition was found at 2 wt% loading of n-TiO,
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which provided a significant increase in K¢ (10-20%), FS (20-40%) and FM (96-122%)
when compared with the unfilled PMMA matrix (P<0.05, one way ANOVA). These
improvements were attributed to a high level of interaction and strong chemical adhesion
between the n-TiO, and PMMA matrix. However, both the n-TiO, fibers and tubes did
not provide sufficient radiopacity to the PMMA matrix at their optimum level of loading
in the composites, which restricts the application of the resulting composites as bone
cements.

Secondly, the n-TiO, tubes were modified through an in-situ integration process
incorporating strontium into tube at the time of the tube synthesis. The modified n-TiO,
tubes were shown to provide reasonably higher radiopacity to the PMMA matrix than the
unmodified tubes at the same level of loading, attributed to the presence of the highly
radiopaque strontium atom. While keeping the Kjc values of the nanocomposites the
same as those reinforced by n-TiO, tubes, the strontium modified tubes were shown to
enhance the in vitro biocompatibility of the PMMA matrix with rat calvariar osteoblast
cells.

Finally, the functionalized n-TiO, fibers and tubes were introduced into a clinically used
commercial radiopaque bone cement CMW®1, with the n-TiO, acting as a reinforcing
phase. Mechanical and other important physical characteristics of the reinforced cements
were analyzed according to the universal bone cement standard ISO 5833. Based on the
determined mechanical properties of the reinforced cements, the optimum composition
was found at 1 wt% loading of the n-TiO, fibers and tubes separately. The observed
optimum loading provided a significant increase in Kjc (63-73%), FS (20-42%) and FM

(22-56%) of the reinforced cements when compared to the as received CMW®1 cement
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(P<0.05, one way ANOVA). In addition, the setting and rheological characteristics of the
curing cement as well as its in vitro biocompatibility were shown to remain unaltered at
the optimized small loading (1%).

This study demonstrated a novel pathway to augment the mechanical properties of
PMMA based bone cement by providing an enhanced interfacial interaction and strong
adhesion between functionalized n-TiO, and PMMA matrix. This approach enhanced the
effective load transfer within the cement while providing excellent biocompatibility.
From the studied experimental outcomes, it is considered that nanotechnology using
modified n-TiO, provides a new vehicle to improve the mechanical properties of acrylic

bone cement.

Key Words: Titania nanofibers, Titania nanotubes, Functionalization, Polymer
nanocomposites, Acrylic bone cement, Fracture toughness, Flexural strength, Flexural
modulus, Rheology, Setting characteristics, Radiopacity, In vitro biocompatibility,

Alkaline hydrothermal, Supercritical carbon dioxide.
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Chapter 1: Introduction

1.1. Overview

This thesis focuses on developing poly(methyl methacrylate) (PMMA) based bone
cements reinforced with titanium dioxide having novel nanostructure, i.e. nanofibers and
nanotubes. A novel functionalization route of the nanostructured titania has been
introduced in this work to compatibilize the nanomaterials with the organic PMMA
matrix. Using this route, methacrylic acid (MA) was used for its bifunctional
characteristics of a carboxyl group for coordination and electrostatic interaction with the
titania and a vinyl group for subsequent polymerization with methyl methacrylate
(MMA) monomer. Fundamental studies on the resulting functionalized nanomaterials and
reinforced bone cements were carried out using various physico-chemical, mechanical
and biocompatibility testing including FTIR, TGA, DSC, electron microscopy, universal
mechanical tester, rheometer, medical X-ray and osteoblast cellular response.

In this chapter, the motivation of the research and the potential application of the
synthesized bone cements are addressed.

1.2. Motivation of the research

A new generation of acrylic bone cements with mechanical properties significantly higher
than those commercially available are strongly desired in order to ensure the long term
clinical performance of the cemented arthroplasty. In all acrylic bone cement
formulations clinically used today, micron-sized particles of either BaSO4 or ZrO, are
introduced to provide radiopacity, but which also lead to a deterioration in mechanical

properties.' In an effort to develop mechanically strong cements, various studies have



been performed in synthesizing reinforced cements with various inorganic oxides and
other materials.””

The purpose of this research was to develop a new generation of acrylic bone cements
reinforced with nanostructured titania having fibrous and tubular morphology which
would exhibit enhanced static and dynamic mechanical properties with sufficient
radiopacity and biocompatibility.

1.3. What is a bone cement?

PMMA-based bone cements are the predominant synthetic biomaterials used in
orthopaedic surgery for cemented arthroplasty as a means of fixation of the prosthesis in
the bone. It functions by filling the gap between the prosthesis and the contiguous bone

and transmitting load from the prosthesis to the bone (Fig 1.1)."?
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Figure 1.1. Schematic diagram of prostheses and PMMA bone cement in an acetabular socket and
femur. (Ref.%)



The history of bone cements dates back more than 100 years. In 1890, Dr. Gluck
described the use of ivory ball-and-socket joints which were especially useful in the
treatment of diseases of the hip joint. These joints were stabilized in the bone with a
cement composed of colophony, pumice powder, and plaster.” In 1951, Dr. Haboush used
a self-curing acrylic dental cement to secure a total hip replacement.® Also at this time,
PMMA cements were used primarily in dentistry to fabricate partial dentures, orthodontic
retainers, artificial teeth, denture repair resins, and an all-acrylic dental restorative.
However, the major breakthrough in the use of PMMA in total hip replacement (THR)
was the work of Charnley in 1964 who used it to secure fixation of the acetabular and

femoral components and to transfer loads to bone.”'

Today several million joint
replacements are conducted annually world-wide with more than half of them using bone
cements, with this trend increasing.'' Bone cement is considered a reliable anchorage
material being easy to use for clinical practice and providing an excellent primary
fixation between the bone and implant, while allowing faster recovery of the patient.

1.4. Chemical composition and chemistry of bone cements

Bone cements are self curing systems generally dispensed as powder and liquid phases,
which are packaged separately and are mixed in situ in the operating theatre, prior to use.
Cements are mixed prior to insertion and introduced in the intramedullary canal in a
dough state which subsequently undergoes in situ polymerization to yield the hardened
cement mass.""'?

1.4.1. Solid phase

The solid phase of bone cement is mainly composed of spherical particles (beads) of

poly(methylmethacrylate) (PMMA) or acrylic copolymers containing ethyl acrylate,



methyl acrylate, or even methylmethacrylate (MMA)-styrene copolymers in various
trademark cements.' The prepolymer is present at a concentration of approximately 80
wt% with the bead size ranging from 30 to 150 um. Average molecular weights of the
beads are reported to be in the range from 44,000 to 1,980,000." The solid phase also
contains the initiator, benzoyl peroxide (BPO), in a concentration ranging from 0.75 to
2.5 wt%, which is physically mixed with the beads. Another component of this phase is
the radiopaque agent, either barium sulphate or zirconium dioxide, that are normally
incorporated as an X-ray contrast agent to allow X-ray follow-up analysis of the
prosthesis. The concentration of the radiopaque agent is generally around 10 wt% on the
basis of the solid component, however, some formulations contain up to 15 wt%, and the
average diameter of the radiopaque particles is around 5 pm.'

1.4.2. Liquid phase

The liquid phase of the cement formulation consists of MMA monomer at a concentration
of 95 wt%, although a few formulations contain small fractions of butylmethacrylate
(BMA)." In order to initiate the polymerization at room temperature, N,N-dimethyl-4-
toluidine (DMT) is added in the liquid phase as the activator in a concentration range of
0.89-2.7 wt%, however, a recent commercial formulation has an alternative tertiary
aromatic amine, namely, 2-(4-dimethlylamino)phenyl ethanol. Finally, an inhibitor is
added to the liquid phase to avoid any premature polymerization that may occur in the
presence of heat or light during storage. The inhibitor belongs to the family of quinones,
of which the most frequently used is hydroquinone. This acts as a radical scavenger

forming radicals that are stabilised resonance.



An important parameter of acrylic bone cement formulations is the solid: liquid ratio,
which is normally 2.18:1 in the majority of cements,’ although may vary in the range
from 2:1 to 2.7:1. In the acrylic bone cement formulation, the solid: liquid ratio needs to
be optimized, because it is very sensitive for the cement’s setting parameters. Care must
be taken as manipulation of this ratio may have an adverse effect on excessive
polymerization shrinkage or under-polymerization.'®

As well, it has also been shown that the initiator/activator ratio has a significant effect on
setting time, polymerization temperature and mechanical strength. The polymerization
rate of MMA normally occurs in monomer solutions containing about 1.5 moles of
peroxide per mole of amine," although, this ratio can range from 0.5 to 2.5 in some
commercial formulations.

The preparation of the cement starts when both the solid and liquid phases are mixed in a
bowl, usually at room temperature. On mixing the two phases, the monomer begins to
solvate the surface of the prepolymerized beads producing a paste-like consistency. The
viscosity increases with time, so that in a few minute the mix becomes a viscous mass
and then attains a rigid state. This setting process has been classified into four phases
called the: 1) mixing phase, 2) waiting phase, 3) working phase and 4) hardening

phase.l’13

The physical processes involved throughout the setting of the cement are
wetting of the prepolymerized particles by the monomer, the subsequent swelling and
partial dissolution of the PMMA particles into the monomer, diffusion of the liquid into
the organic powder and monomer evaporation. From a chemical point of view, when both

components are mixed, the reaction between the initiator and the activator starts giving

rise to primary free radicals, which initiate the free radical polymerization of the



monomer. During the mixing step, the wetting process predominates while during the
waiting phase, the radical polymerization commences causing the viscosity to increase.
During the working phase the polymerization progresses resulting in a reduction in the
mobility of the growing macromolecular species and a sudden increase in the viscosity
and heat generation. Finally, in the setting step the cement hardens with the subsequent
cessation of the polymerization due to vitrification of the material."®

During the polymerization process, the MMA monomer with a density of 0.937 g/ml,
converts to a polymer of higher density (1.18 g/ml). This phenomena leads to a volume
shrinkage which is of great concern in orthopaedic and dental applications. PMMA
derived from pure MMA exhibits a volume shrinkage of approximately 21%, however,
the presence of prepolymerized powder in acrylic bone cement formulations significantly
reduces this value.""> Also, the real shrinkage is lower due to porosity generated by the
air bubble inclusion during the dough stage, release of absorbed air during
polymerization, vaporisation of monomer and air absorbed during insertion of the metal
stem.

1.5. Properties of bone cements

As described above, bone cement is an implant biomaterial that is prepared right before
the operation. Once inserted into the bone joint, the transfer of the forces from bone-to-
implant and implant-to-bone is the primary function of the bone cement. Moreover it is
supposed to be radiopaque in order to allow follow up on its post operative condition by
X-ray examination. Above all, the bone cement should exhibit biocompatibility. Hence,
the bone cement must possess a number of mechanical, handling and physical properties

as described below.



1.5.1. Mechanical properties

The cement layer has the main task of resisting and transferring the loads between the
natural and synthetic coupled materials, while functioning as a mechanical buffer,
reducing the stress concentrations and absorbing mechanical shock.® Since the forces
transmitted through the hip are as high as three times body weight when walking and
eight times body weight when falling, bone cement is subjected to high stresses. Also the

1413 with the ability to

cement has to perform in the aggressive environment of the body,
do this reliably for a long period of time being critical to the long-term survival of the
implant. If the external stress factors are greater than the inherent strength of the cement,
a break will result. For this reason, it is extremely important that the bone cement is
mechanically stable possessing a substantial degree of strength and toughness.

1.5.1.1. Stiffness

Stiffness is the resistance of an elastic body to deflection or deformation by an applied
force which is the state of being rigid.16 Therefore, it is the measure of the ability of the
bone cement to act as an elastic buffer between the prosthesis and the bone.' Both static
and dynamic mechanical testing can be applied to measure a cement’s stiffness. The most
prominent static method includes tensile and flexural moduli while the dynamic methods
include dynamic elastic and storage moduli.

1.5.1.1.1. Flexural properties

Flexural or bending properties of a material are resistance of the material against flexural
load, which is a combination of tensile, compression and shear forces. These properties of
cements are germane to the life of the arthroplasty because in vivo loading invariably

13,16

involves a combination of shear, tension and compression forces. Flexural properties



reflect the rigidity of bone cements against bending through two of its key components,
flexural strength (FS) and flexural modulus (FM). FM represents the ratio of stress to
corresponding strain of the material within the elastic region. Stiff materials demonstrate
a high modulus while compliant materials exhibit a low modulus. Within the elastic
region the stress and strain are directly proportional following Hooke’s Law, and, if the
load is released, the material regains its original dimensions (Figure 1.2). The elastic

region is limited by a stress limit.
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Figure 1.2. Typical stress-strain curve of materials. (Ref.'”)

Beyond this limit is where the mechanical properties of the material actually change, and
the material might not recover its initial shape after releasing the load. FS is a measure of
the maximum bending stress the material can withstand before rupture.'*'*"”

1.5.1.1.2. Dynamic elastic modulus

The dynamic elastic modulus of bone cement is a measure of its rigidity under dynamic

loading. This is a vital material property of bone cements as normal daily activities would

subject the cemented arthroplasty to dynamic loading.'”® Moreover, having acrylic



polymer as the cement matrix, bone cement is a viscoelastic material. Traditional static
elastic modulus focuses on the elastic component of the material while dynamic elastic

20,21
1.7

modulus indicates both the elastic and viscous response of the materia Moreover,

dynamic testing is very sensitive to structural property changes of the material, and is a
measure of the composite’s isotropy.*'

1.5.1.1.3. Dynamic storage modulus

The dynamic storage modulus of the bone cement is another dynamic mechanical
property which reflects its ability to return or store energy under cyclical loading.” As
the cement is orders of magnitude weaker than either the bone or implant, cyclic
mechanical stresses in vivo can lead to failure at the bone-cement or cement-prosthesis
interface. Dynamic mechanical properties are considered as long-term properties of bone
cement indicative of the transfer of load into the bone over the normal working life of a
total joint replacement. Dynamic mechanical analysis measures the response of bone
cement to a sinusoidal stress over a wide range of frequencies and temperatures and is
especially sensitive to the chemical and physical nature of polymeric cement matrix and
the inclusions within the bone cement. The dynamic storage modulus represents the
elastic phase of the system, and is equivalent to the energy stored through deformation."
1.5.1.2. Toughness

Toughness of a material is a measure of its ability to absorb energy prior to fracture and is
an indication of the amount of energy necessary to cause fracture.'® Toughness represents
the strain energy per unit volume (strain-energy density) in the material at fracture. The

strain-energy density is equal to the area under the stress-strain diagram to fracture

(Figure 1.2).** The higher the toughness is, the greater is the ability of a material to
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absorb energy without fracturing. This toughness is generally termed as fracture
toughness (Kjc) when characterizing bone cement.

Kjc of bone cement is a measure of its ability to absorb energy prior to crack propagation.
In normal daily activities, the implant is subjected to cyclical loading which may result in
cement failure by fracturing through the discontinuities in its weak link zones with the
implant. The Kjc of the cement then is clearly an important parameter as far as the
prosthesis performance is concerned.

1.5.2. Rheological properties

The rheological properties of bone cements during their curing phase are related to their
mixing/handling characteristics and viscoelastic properties. Furthermore, these properties
have a significant influence on material porosity, ability of the cement to penetrate into
bone, and the ultimate strength of the cement/prosthesis interface.”> For instance, the
viscosity of the bone cement in its early life represents the capacity of the system to flow
into interstices within cancellous bone and thus enable effective mechanical interlock at
the bone cement-bone interface. Typically, at early time periods the cement represents its
lowest viscosity and as the reaction proceeds, viscosity increases, thereby decreasing the
cement’s flowability. Bone cement is usually applied in two ways. The first method
consists of mixing the cement into a dough stage with sufficient viscosity, then the
cement is inserted into the bone. The other method involves the use of a syringe or
cement gun to inject the paste, which has the advantage of reducing the porosity and
providing higher penetration into the bone cavity.13 For each method, bone cements with
different flow characteristics are required. Two of these rheological or handling

characteristics are working time and setting time of the cements. These can be directly
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evaluated from the trend of viscosity of the cement with time during curing.”® According
to this property, commercially available acrylic bone cements can be found as low,
medium, and high-viscosity formulations having different characteristic setting
parameters.

1.5.3. Radiopacity

Radiopacity refers to the relative inability of electromagnetic radiation, particularly X-
rays, to pass through a particular material. Radiopaque substances are those that do not
allow X-rays or similar radiation to pass through, and exhibit a white appearance in

radiographic imaging when using X-rays.*’*

PMMA is not a radiopaque material,
therefore it is impossible to directly determine the boundaries of bone cement having pure
PMMA matrix during the surgery by ordinary X-ray imaging techniques. Until 1972,
PMMA cement did not contain any radiopaque materials and was, therefore, radiolucent.’
Radiopacity is a desirable property in acrylic bone cements, to allow post-operative
assessment of the implant using X-radiography. Hence, it is important that the
orthopaedic surgeon can easily monitor and evaluate the healing and loosening processes
to differentiate between bone, bone cement and osteolysis after a joint replacement.29 For
this reason, radiopaque media are added to PMMA bone cements. Barium sulphate
(BaSOy4) or Zirconium dioxide (ZrO;) are used as radiopacifiers in all commercially

) 6,30
available bone cements."'®

These radiopacifiers are added externally to the cement and
are dispersed uniformly through the polymer powder and in the resulting hardened bone

cement.® All current PMMA bone cements contain 8-15% X-ray contrast agent within the

polymer powder."
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1.5.4. Biological properties of acrylic bone cements

All biomaterials must be biocompatible. PMMA bone cements are considered
biocompatible despite the toxic potential of the bone cement residual monomer and the
heat generated during the exothermic polymerization.

Initially, the major problems of acrylic bone cement are related to the temperature
increase during the polymerization and the release of residual monomer after
polymerization. The human osteoblast cell which is responsible for bone formation
interacts with the cement while it is in the body.>" Cell necrosis, which is a phenomena of
osteoblast cellular reaction with the toxic components of the cement may occur because
of the following: (1) monomer toxicity, (2) the high temperature of cement
polymerization, and (3) osteolysis caused by wear debris generation.32 PMMA is
generally considered non-toxic, but the residual monomer (MMA) can cause an
irreversible deterioration of osteoblast cells. After fifteen minutes of polymerization,
there is a residual monomer of approximately 3-5% and 2.7% after 24 hours.* According
to Schoenfeld e al.** the toxicity of the monomer disappears after 4 hours. MMA is vey
volatile and is rapidly cleared from the body through the lungs resulting in a local
concentration that remains vey low.”> MMA monomer molecules escaping from the
implanted polymerizing cement could cause a drop in the partial pressure of arterial
oxygen leading to an increased heart rate.”® However, residual MMA monomer is
normally considered to be converted by the body to methacrylic acid. The methacrylic
acid, as a coenzyme A ester, is a normal intermediate in the catabolism of valine, and the

existence of an enzymic system would permit methacrylic acid to enter a normal pathway
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leading to carbon dioxide formation. It has been shown that over 80% of an administered
dose of MMA is expired as carbon dioxide within 5-6 hours.”’

The production of heat occurs at the bone-cement interface during cement
polymerization, which in vitro has been measured to be between 60 and 90 °C and in vivo
between 40 and 50 °C, both depending on the thickness of the cement.* The effect of this
heat generation on bone was studied by Lundskog er al.*®, who concluded that the
exothermic polymerization did not add to the surgical trauma and had no influence on
bone generation. Lee et al.”’ found that the leakage of monomer was very low after the
curing phase. Likewise Rhinelander ez al.** reported a maximal temperature of 55 °C with
the placement of thermometers at the bone-cement interface, and concluded that thermal
necrosis from cement polymerization was not a significant factor.

In most cases, revision of the cemented orthopaedic prosthesis becomes necessary when
pain occurs due to either movement of the prosthesis, bone fracture, bone cement
fracture, or prosthesis fracture. More specifically, these complications may result from
the prosthesis-cement, or cement-bone interfacial loosening or micromotion due to
cement fracture or cement creep. Loosening of the prosthesis and fracture of the cement
may lead to increased wear and bone cement particle formation. Those particles less than
approximately 5 um in size are phagocytosed by macrophages, which become activated
and directly or indirectly cause bone remodelling and osteolysis. The final result is cell
death leading to tissue necrosis and chronic inflammation. For the femoral stem, lower-
viscosity bone cement had a revision rate 2.5 times greater when compared to the use of
higher-viscosity cements. Additionally, a lower-modulus cement had a revision rate that

was 8.7 times greater than the higher-viscosity cements.*
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1.6. Commercial aspects and potential limitations of bone cements

As a result of our longer life expectancy, musculoskeletal disorders are affecting millions
of people around the world, with an increasing frequency of joint diseases, which account
for more than half of all chronic conditions in persons aged 60 years and over. As well,
back pain is the second leading cause of sick leave.*’ According to the American Agency
for Healthcare Research and Quality, in 2005 musculoskeletal procedures were
performed with over 3.4 million hospital stays, causing aggregate costs of $31.5 billion.*
Knee arthroplasty, hip replacement, and spinal fusion have been the most common
musculoskeletal procedures, accounting for about 1.2 million hospital stays. From 1997
to 2005, the volume of knee and hip replacements in the US rose by about 69% and 32%
respectively.* The demand for these procedures is projected to double in the next two
decades. As a result, societies and healthcare systems face huge financial burdens which
need to be addressed. The level of reimbursement has changed in most societies, and
healthcare providers are challenged to deliver high-quality patient care with limited
financial resources.

In this challenging economic environment, bone cement plays a vital role. Still, to date,
about 90% of all knee arthroplasties and about 60% of all hip arthroplasties worldwide
are fixated by a bone cement.'' Cementless arthroplasty is another way of joint
replacement surgery which entails special surface finish, less stiff and more biologically
inert metal alloys as the implant. However, the clinical outcomes of cementless total hip
and knee arthroplasties have proved to be below expectation with a new set of problems
being spawned by their use.*’ For instance, cementless hip arthroplasty has been beset by

perioprosthetic osteolysis, high thigh pain and failure of the bone-implant interface.** In
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addition, cementless implants may be more expensive than their cemented counterparts
and in price-sensitive markets, the choice of implants may be a very commercial, non-
clinical decision."!

In spite of the significant successful performance in total joint replacement surgery,
cemented arthroplasty is beset with a number of drawbacks mainly resulting from the
physical and mechanical failure of the cement.

The heavy metal salts of barium or zirconium used as an X-ray contrast medium in most
acrylic cements clinically used today, significantly affects its physical and mechanical
properties.’ First of all, these inorganic compounds are highly polar and ionic and are not
compatible with the non-polar polymeric matrix of the acrylic cement.*®** Without
having any chemical adhesion to the polymer chains, these inorganic radiopacifying
agents can only interact with the acrylic matrix by either mechanical or physical
interactions.®*® These limited interactions provide poor adhesion of the filler to the matrix
with a resultant detrimental effect on the mechanical properties of the cement. The elastic
properties of any composite largely depend upon the transfer of the external load from the
filler to the matrix.”® Poor adhesion of the radiopacifying particles and the acrylic matrix
is also detrimental to the effective load transfer from the filler to the matrix, resulting in
the cement being mechanically weak to external load. As previously mentioned,
cemented arthroplasty is subjected to dynamic loading in daily life activities which
provides frequent tensile and compressive stresses.” Without being strong enough to
transfer these loads, the filler particles tend to debond at the interface from the matrix,
which results in the formation of pores within the matrix.’ These pores provide sites for

stress concentration and subsequently facilitate mechanical failure by allowing any crack



16

263045 The microstructure of the

or discontinuity to propagate through the cement.
radiopacifying particles plays a vital role here. Spherical shaped BaSO, particles are less
likely to withstand these tensile loads while the ZrO, particles having cauliflower-like
shape, can secure mechanically to the polymer matrix to a certain degree.® Moreover,
being smaller in size than the ZrO, particles, the BaSO, particles tend to agglomerate
facilitating the growth of pores within the cement matrix.* It has been shown that BaSO,
reduces the tensile strength and Kjc considerably and this reduction seems to be lower
than that of ZrO, filled cements.***’ Reductions in the FS with the addition of these
radiopacifying agents has also been reported.*®

Moreover, without having any strong bond to the polymer matrix, the radiopacifying
particles are more likely to separate from the cement matrix resulting from the frequent
wearing or friction of the cement mantle with the implant.* This phenomenon would
facilitate the exposure of the inorganic radiopacifying particles to the surrounding
biological tissue. There is evidence that these compounds evoke a significant pathological
response in the surrounding tissue.’® Moreover, barium is known to have the capacity for
toxicity.*’ Intradermal injection of BaSOy, into experimental animals is known to cause a
foreign-body inflammatory reaction.”’ The inflammation caused by the release of toxic
barium ions results in bone resorption with a subsequent loosening of the implant."
Animal experiments with different cell cultures have shown greater differences in bone
resorption around the bone cement application area when using BaSO4 in comparison to

Zr0,.'>>* Barium has also been shown to intensify the release of inflammatory mediators

in response to PMMA particles.”
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In addition, the liberation of hard zirconium particles at the interface between the cement
and metal implant is regarded to cause prosthesis loosening due to mechanical abrasion.’>
Moreover, being harder than the metallic femoral head, both BaSO4 and ZrO, particles
may cause damage to the articulating surface with a marked increase in the production of
polyethylene wear debris.”® For all these reasons, bone cements with X-ray contrast
agents cause considerably more bone resorption than the cements without any
radiopacifier.*>’

1.7. Literature review on reinforcing bone cements

Acrylic bone cement occupies a distinctive place in the hierarchy of synthetic
biomaterials, as it is the only material currently used for anchoring a prosthesis to the
contiguous bone in a cemented arthroplasty. However, the cement is not without its
drawbacks. The main drawback is the postulated role in aseptic loosening and hence, the
limited clinical life of the arthroplasty. In turn, this role is directly related to the
mechanical properties of the cement, especially the resistance to fracture of the cement in
the mantle at the cement-prosthesis interface or the cement-bone interface. Taking this
into account, significant efforts have been made in recent years to enhance the
mechanical properties of bone cements. These experimental investigations to reinforce
bone cements can be divided into two broad categories: 1) design of experimental bone
cements by developing novel radiopaque agents that are more compatible with the
organic cement matrix and the surrounding biological tissue, and 2) reinforcement of the
commercial bone cements by incorporating different fillers as reinforcing agents.

F. Kjellson ef al.> attempted to produce radiopaque bone cements by incorporating the

water soluble non-ionic iodine- based radiopacifiers, iohexol (IHX) and iodixanol (IDX).
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They reported the mechanical properties of bone cements containing different loadings of
IHX and IDX with different particle sizes. For a size range of 15-16 um of IHX and IDX,
they were able to obtain significantly higher ultimate tensile strength and strain to failure
at 8wt% loading of the radiopacifiers compared to the Palacos® commercial cement
(containing 8 wt% of ZrO;). However, the Young’s modulus of both cements were
significantly lower than that of Palacos®, likely due to the incompatibility of the
radiopacifiers with the cement matrix as well as the larger size of the radiopacifiers.
Being water soluble, the radiopacifying particles would dissolve in the body fluid when
escaping from the cement during wearing, which was hypothesized to minimize harm to
the surrounding tissue.

S. Deb et al.®® reported the incorporation of organo-bismuth compounds, namely,
triphenyl bismuth (TPB), as a radiopacifying agent for acrylic bone cement. Triphenyl
bismuth is an organometallic compound containing the heavy metal atom, bismuth. TPB
is soluble in MMA monomer, therefore, allowing homogenous distribution in the
polymer forming optically lucent radiopaque cements. These cements were found to
exhibit superior mechanical properties such as ultimate tensile strain and modulus in
comparison to the control commercial cement containing BaSO4 as radiopacifier. An
optimum concentration of TPB was achieved at 10wt%, above which the measured
mechanical properties started to decrease. However, the fracture toughness and flexural
modulus as well as cellular response were not performed in this study. Similarly, L.
Hernandez et al.’’ reported the use of another organo-bismuth compound namely,
bismuth salicylate (BS) as the radiopacifier in an acrylic cement matrix. BS is soluble in

MMA monomer which leads to the homogeneous distribution of the radiopacifiers in the
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acrylic matrix. An optimum condition was achieved at 10wt% loading of BS which
allowed the cement to exhibit significantly lower exotherms and higher setting times than
the control cement containing 10wt% BaSO,4. However, this wt.% loading did not allow
the cement to possess significantly enhanced compressive and tensile strength compared
to the control cement. Moreover, BS is hydrolyzed by the body fluid and is readily prone
to be released from the cement.

In order to develop radiopacifying agents that are more compatible with the organic
matrix, another significant approach is to develop radiopaque monomers or copolymer
bearing covalently bound halogen atoms, i.e. bromine or iodine, which can be
copolymerized with acrylic monomers producing homogeneous radiopaque cements. K.
Davy et al® prepared polymer beads based on copolymers of methacrylic monomers
containing the group tritodobenzoate, and used them as the solid phase to formulate cold-
curing systems with good mechanical properties. Other cements prepared from
radiopaque polymer beads are based on an equimolar copolymer of MMA and 2-[4-
iodobenzoyl]-oxo-ethyl-methacrylate (4-IEMA).” These cements have intrinsic
mechanical properties in compression tests superior to those of BaSOjs-containing
cements. Results of in vitro biological evaluation of this novel radiopaque cement did not
differ from those of translucent PMMA or BaSOs-containing cement, and the in vivo
experiments showed no inflammation or foreign body reaction near the iodine-containing
bone cement.®” Further studies on the mechanical, thermal and physical properties of the
4-IEMA-containing cement led to the conclusion that this formulation was a viable
alternative to current formulation for use in cemented arthroplasties.’® J. Roman ez al.®!

reported the incorporation of an iodine-containing methacrylate in the liquid phase of the
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acrylic bone cement. Thus, cements prepared with 5.0-7.5 wt% of 2,5-diiodo-8-quinolyl
methacrylate (IHQM) with respect to the liquid phase were shown to present sufficient
radiopacity, have a lowered exotherm and provide a statistically significant increase in
the tensile strength, Kic and ductility in comparison to the BaSO4-containing cement.®
However, the fatigue crack propagation resistance of these cements remained similar to
that of the radiolucent one,” providing poor Kic. The biocompatibility of the iodine-
containing cements is good, showing neither chronic inflammatory response nor

61,64

macrophages in the area of the implanted rods in rats. Following this approach, Artola

1.% have formulated radiopaque acrylic cements with different amounts (5-20 % v/v)

eta
of 4-iodophenyl methacrylate (IPMA) in the liquid phase and the addition of 15% v/v
IPMA is enough to attain a radiopacity similar to that of a 10wt% BaSOs-containing
cement. These iodine-containing cements showed enhanced compressive and tensile
strengths, elastic modulus and strain to failure with respect to conventional radiopaque
bone cements. Other iodine-containing monomers that have been employed in the
preparation of radiopaque acrylic bone cements are 2-[2, 3, 5/-triiod0benzoyl] ethyl
methacrylate (TIBMA) and 3,5-diiodosalicylic methacrylate (DISMA).*® The mechanical
evaluation of the resulting cements showed an increase in the compressive strength and
elastic modulus in comparison to BaSO4-containing cements. The cement prepared with 5
wt% DISMA showed the highest value for compressive strength in dry specimens,
although for wet samples the opposite behaviour was observed, probably due to the
higher water uptake of this cement bearing carboxylic groups.

As stated above, one of the reasons for the detrimental effect of the radiopacifying agent

on mechanical and biological properties is the lack of adhesion between the particles and
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the polymer matrix. One solution for improving the interfacial adhesion consists of
establishing covalent chemical bonding between both materials by using a silane coupling
agent. This agent needs to be able to react with the oxide surface of the inorganic
particles and to copolymerize with organic monomers. This approach has been reported
by J. Behiri et al.%" in the reinforcement of poly(ethylmethacrylate)-based cements with
3-(trimethoxysilyl)propyl methacrylate (y-MPS)-treated HA particles, giving cements
with enhanced tensile modulus and yield strength compared with untreated fillers.
However, the radiopacity of this bone cement was not reported in their work and HA is a
poorly radiopaque material. M. Abboud et al.*® proposed the use of alumina (ALO3)
particles treated with y-MPS to prepare radiopaque acrylic bone cements as shown in
scheme 1.
o
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Scheme 1
The grafted y-MPS on the Al,O; particles acts as a coupling agent by covalently binding
with the polymer matrix making the silanized Al,O; act as a radiopacifying and
reinforcing agent. The effectiveness of the surface modification of ceramic oxide
particles such as Al,O3;, TiO, and ZrO, through grafting of y-MPS was previously
reported.”” The mechanical characterization of the so-prepared cements reveals an
improvement in compression with values of modulus of the order of 3.40 GPa; however,
the formulations require high processability because of poor wetting of the filler surface
with liquid monomer which results in very large void formation inside the cement.” M.

Abboud et al.” also reported the formulation of a new acrylic bone cement where the y-
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MPS- modified alumina particles are embedded in poly(methyl methacrylate-co-ethyl
acrylate) beads by copolymerization with the corresponding acrylic monomer through
suspension polymerization, prior to mixing with the liquid part of the cement. The cement
is prepared by mixing these hybrid beads with liquid monomer resulting in a cement with
uniform distribution of the radiopacifying fillers. The compressive strength of the cement
cured with the hybrid beads decreased with alumina content whereas the compressive
modulus remained roughly constant. The covalent bonding established between the
acrylic matrix and the alumina fillers was hypothesized to reduce the production of
abrasive ceramic debris in the tissue around the joint with a subsequent improvement of
the biological properties.®*

On the other hand, there is a sustained interest to improve the mechanical properties of
commercial bone cements by incorporating filler materials or additives acting as
reinforcing agents for the cement. One of the methods for improving the performance of
the bone cement involves dispersing ultra high molecular weight polyethylene
(UHMWPE) fibers in the bone cement matrix. UHMWPE is highly inert, has an excellent
chemical resistance, low moisture uptake, with high toughness and good abrasion
resistance.'? B. Pourdehyimi ef al.”' investigated the feasibility of using UHMWPE fibers
as reinforcing fillers in PMMA bone cements. Fibers mixed with PMMA powder at 1, 4
and 7% by weight were reacted with monomer to yield the bone cement composite.
Linear elastic and non linear elastic fracture mechanics indicated a significant reinforcing
effect at low levels of fiber content (1%), above which a plateau was reached. The Kj¢
remaining unaffected with increasing fiber content. However, the FS and FM did not

improve, which was attributed to poor mixing, the presence of voids, or poor interfacial
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adhesion. J. Yang ef al.”* also incorporated UHMWPE fibers and tested the mechanical
properties of the resulting cement. Poor compatibility between polyethylene fibers and
PMMA resulted in inadequate mixing and the inherent weakness of the interfacial bonds
led to the formation of more voids in the matrix. In order to enhance the interfacial
interaction of the UHMWPE within the polymer matrix, D. Hild et al.”” modified the
surface of UHMWPE by plasma treatment with gases such as carbon dioxide, nitrogen
and argon, that improved the wettability of the fibers by the addition of polar groups.
However, the surface topography remained unaltered, thus such composites were also
limited by inadequate adhesion to the matrix. MMA graft UHMWPE fibers were
obtained by using surface treated UHMWPE fibers with argon plasma, stored in a
chamber containing methacrylate solution and subsequently irradiated with UV light.”*
Cements were formed with varying grafted UHMWPE fiber content, ranging from 0 to
6% by weight. The tensile strength of the cement containing MMA grafted fibers was
found to increase with 4% by weight of the fibers, while the tensile modulus was not
affected significantly with incorporation of the fibers.”

S. Saha er al.’®"" investigated the effect of carbon fibers in bone cement matrices.
Addition of carbon fibers in low volume fraction (1-2%) showed an improvement in the
compressive, shear and tensile strengths with a higher Young’s modulus. The ultimate
tensile strength improved from 24 to 38 MPa and the modulus increased from 2.8 to 5.5
GPa with 2% by volume of carbon fibers. The addition of carbon fibers was also reported
to lower the maximum polymerization temperatures of the cements during curing..
Moreover, PMMA reinforced with carbon fibers was demonstrated to give superior crack

propagation resistance compared to conventional cements at the same stress intensity
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factor. However, the handling characteristics remained poor and it was suggested that
better cements could be obtained with superior fiber mixing methods.'*”®

B. Pourdehyimi ez al.””*® and T. Wright et al.*' have reported the incorporation of Kevlar
29, an aramid fiber, as a reinforcing filler for acrylic cements. An increase in the ultimate
tensile strength was reported from 31 to 40 MPa with 7% by weight of aramid fibers with
a large increase in stiffness. Aramid fibers were found to impart better properties than
carbon fibers, in terms of fracture energy dissipation. The strength of these composites
were however much lower than composites containing a similar content of carbon fibers.
Incorporation of metal fibers is another approach to reinforce acrylic bone cements. J.
Taitsman et al.** reported the incorporation of two metal alloys, stainless steel and
vitallium in the form of wires in PMMA bone cements and both were found to increase
the tensile strengths. The mean tensile strength was found to improve from 27.5 to 50.5
MPa for the vitallium reinforced cement. S. Kotha et al.® introduced short titanium fiber
heat treated at 800 °C in the acrylic bone cement containing BaSO,. Because of the heat
treatment, rutile titania particles were formed on the surface of the titanium fiber. They
obtained an augmentation in Kjc using 14% fibered Ti and 14% BaSO4 which is about
30% higher than the control cement containing pure BaSO4 However, their effect on
rheology and setting time were not reported. In another work done by S. Kotha ef al.™,
the incorporation of short 316L stainless steel fibers in the acrylic cement matrix was
reported. Having high K¢ of about 30-50 MPam'? stainless steel exhibits a large energy
absorption capacity. Therefore, cements reinforced with stainless steel fibers gave K¢
improvements of about 2.6 times compared to the control commercial bone cements

having 10% BaSO, as radiopacifier. Increasing the volume fraction of the steel fibers
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resulted in a significant increase in the Kjc. However, the higher volume fractions of steel
fiber additives adversely affected the cements rheology. In an attempt to enhance the
interfacial adhesion between the steel fibers and acrylic cement matrix, S. Kotha et al®
incorporated silane coupling agents on the surface of steel fibers in another work. It was
shown that the organosilane coating significantly increased the shear strength of the 316L
SS-acrylic interface, which resulted in a significant improvement in the tensile
mechanical properties of the bone cement. The K¢ of the 316L SS fiber reinforced
specimen was improved to a small extent because of the silane coating. However, the
bonds between the silicon atoms of the silane and the oxygen atoms of the oxidized metal
surfaces are susceptible to weakening by water intrusion as observed by a reduction in the
mechanical properties caused by the aging protocol. Another recent contribution of S.
Kotha et al.® reported the incorporation of zirconia (ZrO,) fibers in the bone cement
matrix. In order to lessen the risk of wear debris coming out of cement resulting from the
abrasion, each individual fiber was encapsulated in PMMA beads. With the incorporation
of 5 volume% of coated or uncoated ZrO, fibers having 30 pum diameter, the Kjc of the
resulting cements was improved by 41% compared to the control cement containing 6
wt% of BaSOs.

Although a fair amount of research has concentrated on fiber reinforced cements, none of
these experimental cements are yet in clinical use. Most fiber reinforced cements in
general are adversely affected by the poor interfacial adhesion between the matrix and
fiber which may cause voids due to improper mixing. Another problem with fiber
incorporation is the detrimental effects on flow characteristics with intrusion properties

being severely compromised. Although fiber reinforced cements tend to show enhanced
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mechanical properties, they also show an increase in the elastic modulus. The stiffness of
the fiber reinforced cement resulting from very high elastic modulus causes an
undesirable distribution of load from the prosthesis to the bone.

In order to achieve enhanced adhesion and thus better mechanical properties, self
reinforced composites based on the inclusion of fibers of the same materials as the matrix
has been developed. J. Gilbert e al.*® have reported a self reinforced PMMA composite
using oriented fibers of PMMA as a potential candidate for bone cement application.
Thermomechanical processing of PMMA led to an increase its strength to about 220
MPa, strains to failure to about 25% and modulus values as high as 8 GPa, depending on
the orientation imparted.®” With the incorporation of PMMA fiber having a diameter of
120 microns, the tensile strength and modulus improved by 87 and 93% respectively
compared to the conventional bone cements. The improvement become 132 % and 112%
when the diameter of the PMMA fiber become 40 microns.® Therefore, the interfacial
adhesion between the PMMA matrix and PMMA fibers is no doubt superior compared to
dissimilar materials used in reinforcing the matrix.

There have been some attempts to incorporate particulate fillers in the cement matrix to
reinforce the cement. Composites with particulate fillers are expected to have a lower
strengthening efficiency and allow higher amounts of filler to be incorporated in
comparison to fibers. J. Williams et al.*® reported the use of natural cancellous bone
particles from bovine tibiae to reinforce acrylic bone cements. The stiffness was found to
increase with increasing content of bone particles to about 40% by volume. In vivo
evaluation of experimental bone cement with inorganic bone particles as the fillers, in a

canine hip prostheses showed a bony ingrowth in the resorbed bone particle spaces.”
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This study demonstrated a viable cement/bone interface which could result in improved
implant fixation, not only providing the immediate immobilisation of the prosthesis but
also provide long term stability. A number of works have been reported on the
incorporation of hydroxyapatite (HA) particles in bone cement. HA is a calcium
phosphate ceramic which is similar to the mineral phase of bone. HA is an attractive filler
for bone cements due to its similarity of the mineral phase of bone, and bioactive nature,
which may allow formation of new bone to grow to the surface of the cement-bone
interface, provided HA is present on the surface of the cement. A number of studies with
HA as a reinforcing material in PMMA cements reported enhanced mechanical, physical
and biological properties. The Young’s modulus of HA-PMMA cements increased from
2.6 to 3.5 GPa with increasing content of HA volume fraction from 2 to 25%.”° J. Perek
and R. Pilliar’! conducted Kjc measurements of the HA reinforced cements and
demonstrated that 40% by weight of HA increased toughness from 1.0 MNm™? to 1.55
MNm™"?. Bone cements with such heavily loaded HA contents might give some
hindrance in flow and result in poor intrusion characteristics. A. Murukami et al.”* used
HA in the form of fibers to reinforce PMMA cements. At about 6% by weight of the HA
fibers, the Kjc improved from 1.6 to 2.20 MNm™?,

Although a significant number of research studies have been performed in an attempt to
develop a bone cement possessing sufficient mechanical properties, radiopacity,
improved biocompatibility and reasonable handling properties, none of these efforts have
successfully yielded an acrylic bone cement combining all these properties. Therefore,
there is a sustained interest and need for the development of a new generation of bone

cements exhibiting the above mentioned properties in order to overcome the prevailing
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limitations of current commercial bone cements. Nanotechnology is a tremendously fast
growing field and breakthroughs in the bone cement properties can be envisioned by
using nanotechnology. A very limited number of studies have been performed to improve
the mechanical and physical properties of bone cements using nanotechnology.

1.8. Nanotechnology and bone cement

Nanotechnology is defined as the design, characterization, production and application of
structures, devices and systems by controlling the shape and size at the nanometer scale.”
The nanoscale generally is defined to be from 100 nm down to the size of atoms
(approximately 0.2 nm). The unique properties and improved performance of
nanomaterials are determined by their sizes, surface structures, and interparticle
interactions. Nanoscale materials have a large surface area for a given volume.”* Since
many important physical and chemical interactions are governed by surfaces and surface
properties, a nanostructured material can have substantially different properties from a
large-dimensional material of the same composition.”” In the case of particles and fibers,
the surface area per unit volume is inversely proportional to the material’s diameter, thus,
the smaller the diameter, the greater the surface area per unit volume. Common particle
geometries and their respective surface area-to-volume ratios are shown in Figure 2. For
the fiber and layered material, the surface area/volume is dominated, especially for
nanomaterials, by the first term in the ratios. The second term (2/1 and 4/1) has a very
small influence, and is often omitted compared to the first term. Therefore, a change in
particle diameter, layer thickness, or fibrous material diameter from the micrometer to
nanometer range can affect the surface area-to-volume ratio by up to three orders of

magnitude.”
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Figure 1.3. Common particle geometries and their respective surface area to volume ratios. (Ref.”)

The extra-ordinarily high surface-to-volume ratios make nanoparticles ideal for use in
polymeric materials as reinforcing agents. In the case of polymer nanocomposites, where
the length scale of the reinforcement is in the nanometer range, the distance between the
polymer and filler components is extremely short. Polymer coils are approximately 40 nm
in diameter, and the nanoparticles are on the same order of magnitude as the polymer. As
a result, molecular interactions between the polymer and the nanoparticles will give the
polymer nanocomposites multifunctional, high performance characteristics beyond what
traditional filled polymeric materials possess.” Therefore, nanotechnology offers new
promise for improving the mechanical and physical properties of bone cement, and
thereby succeeding where other material augmentation efforts have failed.

Only very few works have been reported to date for the incorporation of nanostructured
particles in a bone cement matrix to improve its mechanical and physical properties. K.
Goto et al.”” developed bioactive PMMA based bone cements by incorporating nanosized
titania particles (average diameter 200 nm) having anatase crystalline phase into the
cement matrix and evaluated its mechanical properties. Incorporation of 60wt% silanized

titania nanoparticles significantly increased the FM of the bone cement compared to the



30

control commercial cement, while the FS of the reinforced cements were significantly
low or similar compared to the commercial cement. This is probably due to the presence
of agglomerates of nano titania particles at higher percentage of loading which can act as
stress concentrators. Moreover, at this high loading the resulting bone cements exhibited
very short setting times exhibiting a detrimental effect on its handling properties.
However anatase titania is reported to have the apatite forming ability in vitro and
osteoconductivity in vivo.”® Therefore, the resulting cement containing 60wt% titania
particles exhibited higher osteoconductivity compared to the control commercial cement.
Due to the faster setting time and higher stiffness compared to commercial acrylic
cement, the bioactive cement containing nano-sized titania particles has potential for use
in vertebroplasty, where bone cement is injected into a fractured vertebra in order to
stabilize it. B. Marrs et al.” reported the augmentation of acrylic bone cement by
incorporating multi-walled carbon nanotubes (MWCNT) into a cement matrix. 2 wt%
loading of the MWCNT enhanced the flexural strength by 12.8% and yield stress by
13.1% compared to the control cement. However, larger concentrations of MWCNT did
not produce the enhancements observed with the 2wt% loading, probably due to the
inadequate dispersion of the MWCNTs at higher loading. Moreover, there is a sustained
debate on the biocompatibility of carbon nanotubes and the bone cement reinforced with
MWCNT might have some adverse effects on the living cells around the prosthesis.”*'"
J-H. Wang et al.'” investigated the reinforcement of acrylic bone cement by
incorporating organically modified montmorillonite (MMT) nanoclay into the cement
matrix. MMT/PMMA nanocomposites were prepared by melt blending at 200 °C with

different blending times by intercalating the PMMA chains into the inter-lamellar space
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of the modified MMT. Then the MMT/PMMA nanocomposites were reported to carry
out the role of PMMA beads in the powder part of the bone cement. Nanocomposites
containing 5 and 9 wt% MMT exhibited an impact strength improved of 47 and 54%
respectively compared to the composites without MMT. Nanocomposites prepared with
longer blending times exhibited higher impact strength which was associated with the
uniformity and exfoliation features of the composites. Moreover, MTT cell analysis
exhibited an improved MG63 cell growth on the cement specimens containing
MMT/PMMA nanocomposites, which reflected its biocompatibility. However,
intercalation of PMMA chains into the inter-lameller space of MMT might pose an
adverse effect on the rheological properties of the resulting cements which was not
studied. J. Hill et al'® investigated the inclusion of calcium carbonate (CaCOs)
nanoparticles into a bone cement matrix (Colacryl B866) in an attempt to increase its
mechanical properties. In order to enhance the dispersion of the nanoparticles, its surface
was treated with sodium citrate. With the incorporation of 0.25% CaCOj; nanoparticles,
the FS and FM were improved by 6.5 and 7.4 % respectively, while the compressive
strength was decreased by 7.7 % compared to control cement. However, with the
incorporation of 0.75% CaCO; nanoparticles, the bending strength and compressive
strength were decreased by 3 and 12.6% respectively. The energy to maximum load was
also reported to decrease significantly compared to the control cement when the
percentage loading of nanoparticles was increased from 0.25 to 0.75%. The main reason
for the deterioration of the mechanical properties was reported to be caused by
agglomeration of the CaCOj3 nanoparticles. Although there would not be any detrimental

effect on the radiopacity and rheology of the reinforced cement with such a small loading
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of nanoparticles, this technique was not recommended for clinical use by the authors
because of the low improvement in the bending properties of the resulting cements. A. H.

Gomoll et al.'®

reported the enhancement of mechanical strength of a commercial bone
cement by incorporating nano-sized (100 nm) BaSOy particles. A 41% increase in tensile
strain-to-failure and 70% increase in tensile work-of-fracture were reported for the
cement containing 10 wt.% nanosized BaSOy particles compared with the commercial
cement containing 1 to 3 micron sized BaSO, particles. However, there were no reports
on the cytotoxicity of the cement surface reinforced with nanoparticles, as particles may
be toxic on the nanoscale. Moreover, without having any chemical bonding between the
inter-bead PMMA matrix and the nano-BaSO, particles, the ultrafine nanoparticles may
separate from the PMMA matrix and reach the surrounding biological tissue resulting in
inflammation and implant loosening.

A. Ricker er al.'"™ investigated the effect of nano MgO and nano BaSO4 on the PMMA
matrix in an attempt to improve the cytocompatibility and radiopacity of the PMMA
based bone cements. It was reported that the poor osteoblast function of PMMA %1%
could be improved by incorporation of MgO or BaSO4 nanoparticles. These showed
higher osteoblast cell growth on the surface of PMMA reinforced with the nanoparticles
compared with unfilled PMMA. However, the effect of the nano MgO or nano BaSO4 on
the mechanical properties of the PMMA cement was not reported in this work.

From the above discussion it is apparent that nanotechnology has the potential to make a
radical change in the development of bone cements in terms of enhanced mechanical
properties. As mentioned earlier, mechanical properties of a composite largely depend on

the interactions of the filler materials with the matrix as well as the interfacial adhesion
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108 Nanostructured fillers in the bone cement matrix

between the filler and the matrix.
promote filler-matrix interactions, enhancing mechanical properties as described above.
However, limitation in the above approaches is due to the poor interfacial adhesion
between the inorganic nanofillers and the matrix. Therefore, nanotechnology would
provide the best results in terms of augmenting the mechanical and physical properties of
bone cements if there were a chemical bond between the nanofillers and the acrylic
matrix. Hence, an objective of this research was to develop a reactive nanofiller for the
reinforcement of the acrylic bone cement. There is also a sustained debate on the
biocompatibility of nanoscale materials focusing on escaping sharp needle-like
nanofibers as wear debris into the surrounding bone tissue. The strong chemical bond
between the fillers and matrix would reduce the production of nanofiller wear debris as
these materials are bonded with the matrix. This thesis is based on examining the
reinforcement of the acrylic bone cement using reactive titania nanofibers and nanotubes.

The investigation has been limited to the effect of nano inclusions on the mechanical and

handling properties, radiopacity and biocompatibility of the reinforced bone cements.

1.9. Titania in biomaterials and medicine

Titanium is a common clinically used biomaterial exhibiting a combination of corrosion
resistance and biocompatibility with excellent mechanical performance.'” A TiO,
coating on the surface of titanium provides a passive surface layer to the implant
increasing its corrosion resistance, which at the same time impedes the passage of metal
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ions (primarily Ti*" ) into the body.''" Moreover, the ceramic TiO, coating exhibits high

external hardness. Therefore, the titanium alloy implant coated with TiO, simultaneously
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displays both excellent biocompatibility and high mechanical strength, explaining why
this material is overwhelmingly used as a replacement for teeth (dental implants) and
bones (maxillofacial devices, components of hip and knee replacernents).109

The high biocompatibility of titanium is useful not only in load-bearing implants, but also
in implants which are intended to stimulate metabolic responses, such as implantable cell-
carriers, and also in cell-culture substrate for in vitro culture and tissue engineering.'"!
The carrier material should be of the highest biocompatiblity to enable the ongrowth of
vascularized healthy tissue which can establish a long-term vascular supply for

"2 Moreover, the materials should provide permeability for cell-culture

transplanted cells.
media which is needed to support nutrition of cells adhering to the surface. The
bifunctional element of titanium-based biomaterials is a surface layer consisting of
titanium dioxide which offers numerous opportunities to create the porosities needed to
achieve permeability for nutrients as well as a biologically viable environment.'"!

Titania is a widely used white pigment because of its brightness and very high refractive
index (n=2.7) being an effective opacifier.'"> Moreover, normal-sized (>100 nm) titanium
dioxide is classified as being biologically inert in both humans and animals.''*'"” It has
been widely used as a pigment''® to provide whiteness and opacity to products such as
foods and medicines''” and has also been used in cosmetic creams and sunscreens.''®
With the development of nanotechnology, size effects of particles have gradually been
considered to be important. Nanoparticles may be more toxic than larger particles of the
same substance'"” because of their larger surface area, enhanced chemical reactivity, and

easier penetration into cells. As an example, the high photocatalytic efficiency of

nanophase titania results in potential phototoxic effects on bacteria, cancer cells and
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tumors.  ~ This phototoxic effect occurs due to the reaction between the oxidizing agents

produced from the redox reaction of the photogenerated holes and electrons, and the
biomolecules which leads to damage of the biomolecular structure through a series of

120,121

peroxidative chain reactions. Nanostructured titania promotes the generation of

photogenerated holes and electrons owing to its high surface-to-volume ratio and a large

interfacial surface area.'*>

The cytotoxic effect of photoexcited titania nanometer particles
on cancer cells suggests that the phototoxic effect might be exploited as a possible anti-
cancer modality. This approach is particularly suitable for treatment of superficial tumors
for example, on the skin, oral cavity or trachea which are freely accessible to light of

wavelength 300-400 nm.'"!

Recently, titania has been used as a photosensitizer for
photodynamic therapy for endobronchial and esophageal cancers.'"

Nevertheless, without UV irradiation, nano-sized titania has no inflammatory effect or
genotoxicity in the rat,'” and induced no DNA damage in human cells.'** Moreover,
several studies have shown that the cytotoxicity of nanosized titania was very low or

125-127

negligible as compared to other nanoparticles, and the size was not the effective

factor for cytotoxicity.'*®
Therefore, due to the low cytotoxicity and fair biocompatibility of titania nanoparticles
and widespread use of titania in biomaterials, we have introduced titania nanofibers and

nanotubes in acrylic bone cement matrix in order to examine the physical, mechanical

and biological properties of the resulting novel bone cements.
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Chapter 2: Materials and Methods

2.1. Outline

In this chapter, the experimental setup used for the synthesis of titania nanomaterials,
functionalization of titania nanomaterials, preparation of bone cements and the methods
used for characterizing bone cements throughout this thesis are described.

The synthesis of the titania nanomaterials was carried out either in a high-pressure view
cell reactor or an autoclave bomb.

Functionalization of the synthesised nanomaterials was carried out in a three neck round
bottom glass flask fitted with a reflux condenser and thermometer.

The bone cements were prepared according to standard clinical procedure in a
polycarbonate container by mixing the powder and liquid components which undergo
bulk polymerization.

A variety of characterization methods were employed for examining the synthesised
nanomaterials, functionalized nanomaterials and prepared bone cements including:
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), scanning transmission electron
microscopy (STEM), energy dispersive X-ray spectroscopy (EDX), electron energy loss
spectroscopy (EELS), ultrasonic pulse analysis, universal mechanical testing analysis, X-

ray radiography, rheometry and biological cellular interaction analysis.
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2.2. Synthesis setup

For synthesizing the titania nanofibers, the experiments were carried out in 10 mL high
pressure view cell made of stainless steel. For synthesizing the titania nanotubes, the
experiments were carried out in a teflon-lined stainless steel autoclave.

2.2.1. Setup for titania nanofibers synthesis

2.2.1.1. View cell, pump, valves and connections

View cell. The view cell is a high pressure reactor made of stainless steel (Figure 2.1)
used for synthesizing titania nanofibers using the direct sol-gel method in supercritical

carbon dioxide.

Cross-Section A-A

Dhetail B Detail C

Figure 2.1: The view cell
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There are four holes with thread on the wall. The big hole is for a pressure transducer,
and the three small holes are for a thermocouple, inlet and outlet connections
respectively.

Pump. Syringe pumps (ISCO 100 or 260D) were used for pumping CO, into the reactor
and for maintaining a constant CO, pressure throughout the reaction. The operation of the
syringe pump was performed using the electronic controller provided by ISCO.

2.2.1.2. View cell instrumentation

The 10 mL view cell was connected with the syringe pump (ISCO 100 DM) for pumping
CO; from a dip tube. The check valve next to the pumps was used to prevent possible

back flow from the view cell. The temperature in the view cell was measured and
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Figure 2.2: Schematic of experimental setup: (A) CO, cylinder, (B) Syringe pump, (C) Check valve,
(D) Needle valve, (E) stainless steel view cell equipped with sapphire windows, (F) pressure
transducer, (G) Thermocouple, (H) Temperature controller, (I) Pressure monitor

controlled by means of a T-type thermocouple, a heating tape (Omega SRT051-040,

0.5x4 FT) and a temperature controller (Fuji PXZ-4). The pressure was measured and



39

controlled by means of a pressure transducer (Omega PX302-10KGV) and a control

valve (Badger-78S) (Figure 2.2)

2.2.2. Setup for titania nanotube synthesis.

Stainless steel autoclave. The autoclave is a 125mL acid digestion bomb (Parr 4748)
supplied by the Parr instrument company, Illinois, USA. This PTFE-lined digestion bomb
provides a convenient and safe means for dissolving or dispersing sample rapidly in
strong acid or alkali. As shown in Figure 2.3, the bomb consists of several parts such as
bottom plate (301 AC), stainless steel bomb body (302AC), PTFE cup having a capacity
of 50mL with cover (A305AC), pressure plate (306AC), compression ring (307AC),
screw cap with cap screws (A308AC), cap screws with dimension of 3/8-24 x 3/4
(308ACF), wave spring (336AC), Stainless corrosion disc with thickness of 0.002"

(310AC), Inconel rupture disc with thickness of 0.003” (311AC).
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Figure 2.3: PTFE-lined stainless steel autoclave
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Autoclave instrumentation. The Parr 4748 bomb autoclave is designed for handling
highly corrosive environments at elevated temperature. PTFE offers such unique

inertness and high temperature resistance that it is an obvious choice as the material of

—
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Figure 2.4: Schematic of experimental setup: (A) Stainless steel autoclave, (B) Heating tape, (C)
Screw caps, (D) Thermocouple, (E) Temperature controller

construction for lining.

In the experimental setup, the temperature in the bomb was measured and controlled by
means of a T-type thermocouple, a heating tape (Omega FGH051-060L, 0.5x6 FT) and a
temperature controller (Omega HRC5A) (Figure 2.4)

2.3. Synthesis Procedures

2.3.1. Synthesis of titania nanofibers.

TiO; nanofibers were synthesised in this work using the direct sol-gel technique in
supercritical carbon dioxide according to a previously described procedure.'*® Briefly, the
experimental procedures for synthesizing TiO, aerogels included the addition of a
carboxylic acid and an alkoxide into the view cell, followed by addition of CO,; to the

desired temperature (60 °C) and pressure (6000 psi). TiO, monolithic aerogels formed
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after one day and typically 2-3 days were allowed to age after the gel was formed. After
CO, extraction and venting, the resulting aerogels were subject to further drying and
calcination in air.

2.3.2. Synthesis of titania nanotubes.

TiO, nanotubes were synthesised in this work using the hydrothermal method in highly
basic alkali solution according to a previously described procedure.'? Briefly the
experimental procedure includes the dispersion of commercial titania nanopowder in
10M NaOH solution in the Teflon-lined stainless steel autoclave, followed by raising the
temperature to 110 °C and maintaining it for 20 hours. The reaction products were then
subjected to washing by distilled water until the pH of the product become 10. Finally the
synthesised materials were washed by 0.IN HCI solution to attain a pH 7.0 at room
temperature.

2.4. Functionalization setup

Functionalization is the chemical reaction designed to modify the surface of the
synthesised titania nanomaterials in an attempt to compatibilize the nanomaterials with
the organic polymer matrix. The functionalization reactions have been carried out in a
250 mL three-neck round bottom flask fitted with reflux condenser and thermometer. The
reactor was heated by a heating mantle (Glas-Col 1662868) controlled by a voltage

regulator (Powerstat 3PN116C) (Figure 2.5).
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Figure: 2.5: Schematic of experimental setup for functionalization of titania nanomaterials

2.5. Functionalization procedure

The experimental procedure for functionalizing the titania nanofibers and nanotubes
included dispersion of the nanomaterials in a solution of methacrylic acid (MA) and
isopropyl alcohol with the aid of ultrasonic agitation for 5 minutes, followed by heating
the reaction content to 85 °C for 24 hours with constant stirring. The reaction product was
separated by vacuum filtration and then dried under vacuum at 100 °C for 8-12 hours.
More details of the functionalization procedure for titania nanofibers and nanotubes are
described in chapter 3.

2.6. Preparation of bone cement

Bone cement specimens were prepared by mixing the powder and liquid components
based on a commercial formulation. The powder component contains prepolymerized

PMMA beads, benzoyl peroxide initiator and radiopaque agent, while the liquid
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component includes MMA monomer, aromatic amine activator, hydroquinone inhibitor
and/or dimethacrylate cross-linking agents. Two approaches were adopted to incorporate
the functionalized titania nanofillers as a radiopacifying agent into the bone cement
matrix. In the first approach, the functionalized nanofillers were attached to the PMMA
beads by in-situ suspension polymerization of MMA monomer in the presence of
functionalized nanomaterials, followed by mixing the synthesised PMMA beads mixed
with titania nanofillers in the liquid portion. In the second approach, the functionalized
titania nanomaterials were mixed with the liquid part of the cement prior to the mixing of
the powder and liquid.

2.6.1. Preparation setup

The suspension polymerization setup includes a 1L four-neck flask attached with
thermometer, reflux condenser and mechanical stirrer (VWR 14215-252 high viscosity
mixer) (Figure 2.6). The flask was heated with a heating mantle whose electrical

resistance was controlled by a voltage regulator.

Figure 2.6: Schematic of experimental setup for suspension polymerization: (A) Four-neck round
bottom flask, (B) Heating mantle, (C) Reflux condenser, (D) Thermometer, (E) Nitrogen inlet, (F)
Mechanical stirrer, (G) Voltage regulator



44

The powder part or the prepolymerized PMMA beads with titania nanofillers and liquid
part are mixed in a polycarbonate container and a polycarbonate spatula was used to mix
them.

2.6.2. Preparation procedure

The bone cement specimens were prepared in this work by incorporating the
functionalized titania nanofibers and nanotubes into the acrylic polymer matrix. The
suspension polymerization technique was used to bind titania with PMMA beads, where
free radical addition polymerization of MMA monomer was carried out using water as
the suspension medium containing the functionalized titania nanofillers, benzoyl peroxide
initiator and poly(vinyl alcohol) stabilizer at 80 °C while stirring constantly. The
synthesised PMMA beads mixed with titania nanofillers were then mixed with the liquid
portion to produce the bone cement specimens. In the other approach, the functionalized
titania nanomaterials were mixed with the liquid part of the cement with the aid of
ultrasonic agitation for 15 minutes prior to the mixing of the powder and liquid.

The powder portion was then added to liquid monomer containing the dispersed
nanomaterials at a ratio of 2.18 and hand mixed into a dough state and loaded into Teflon
molds. The molds were kept for 24 h at room temperature for complete curing.

2.7.  Characterization

2.7.1. Rheological properties of bone cement

Bone cement is applied to the bone prior to setting, when the viscosity of the cement
dough is high enough such that it can be manually manipulated.13 The other method of
insertion involves the use of a syringe or cement gun to inject the paste into the bone

cavity which has the advantage of providing better penetration.'? For either method it is
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very important to know the flow characteristics of the cements before they set. The
viscosity or flow characteristics of bone cement during curing or setting is mostly
evaluated by using a rheometer.

A rheometer is a laboratory device used to measure the way in which a liquid, suspension
or slurry flows in response to applied forces or with respect to time at constant applied

130
forces.

It is used for those materials which cannot be defined by a single value of
viscosity and therefore requires more parameters to be set and measured than is the case
for a viscometer. The most common type of materials which require a rheometer to
characterize their flow properties are called viscoelastic materials. A viscoelastic material
exhibits both viscous and elastic properties. Bone cement, during its curing stage, is
clearly a viscoelastic material, where the cement changes from having predominantly
liquid-like properties immediately after mixing, to having predominantly solid-like

properties once sets.

For a viscous material, considering a simple shear flow, Newton’s law of viscosity relates

the shear stress, o, to the velocity gradient or shear rate, y, through the equation:

=17 @.1)
Where 1 is the coefficient of viscosity, or simply the viscosity. For Newtonian fluids, the
viscosity, 1, is a constant, independent of shear rate.”*"*!
On the other hand for a viscoelastic material, the viscosity increase over time and the
material transfers from the viscous to the elastic state. Therefore, the flow characteristic

of a viscoelastic material is conveniently done by an oscillatory shear.”® In the case of

oscillatory shear, the material is subjected to a sinusoidal shearing strain, which can be
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represented by a sine function."*""** Consider an oscillatory strain, with amplitude &

and frequency of oscillation, @, is applied to a material such that:

e(t) = ¢, sin( wt) (2.2)
If the strain amplitude is sufficiently small so that the material behaves linearly, it can be
shown that the resulting steady-state stress will also oscillate sinusoidally at the same
frequency but will be shifted by a phase angle ¢ with respect to the strain wave, that is,

o = o, sin(wr + 5) (2.3)

The stress leads the strain by phase angle ¢ . For purely elastic materials, & = 0° (stress is
in phase with strain). For purely viscous materials, ¢ =90° (stress leads the strain by 90°
although the stress is in phase with the strain rate). For viscoelastic materials, 0 < 6 <
90°.
Now from Equation 2.2:

o =0,[(cosd)sin ot + (sin &) cos wr] (2.4)

The storage modulus (G") is defined as:

In-phase stress component 0, COSO0

G'= 2 X strain - 2¢, (2.5)

And the loss modulus (G") is defined as follows:

G" Out-of-phase stress component & sin § 26
o 2 x strain rate - 2we, 29
That is,
G~ %o sind 2.7)

2¢&,
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Now, the sinusoidal shearing strain can also be termed in complex notation as,

g =g, = g,(cos ot +isin wr) (2.8)

Where, i =4/—1. In this expression, the real and imaginary parts each represent two

oscillatory strains of frequency @ . The resulting stress is also complex and is related to

strain as:
o =2G¢ (2.9)
Where Gis the complex modulus, which can be written in terms of storage and loss
moduli as:
G =G +iG" (2.10)
The oscillatory shear behaviour of a material can also be characterized in terms of

complex viscosity rather than complex modulus. The complex viscosity 7 of a

viscoelastic material is related to the complex shear modulus G~ as follows:

* * (AP o : .
n =G%a)=77 —in :goz)(smé—zcosé) (2.11)

where 7n'(= G%()) is the dynamic viscosity and n" (= G%) ) is the imaginary part of the
complex viscosity.

It is conventional to show the results of oscillatory measurements of viscoelasticity in
terms of 7 or G’ .2%'%*

The oscillatory technique can be used with a number of different geometries. The most
suitable for characterizing bone cements is either the cone and plate or the parallel plate.
As bone cement is a suspension with PMMA particles, the shear gap in the rheometer

must be significantly greater than the size of the particles.26 As the PMMA particles in
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bone cements are typically of the order of 100 pm, the shear gap must hence be at least
500 pm. Even though the plate and cone rheometer provides near constant shear rate
throughout the sample, it is unable to provide such a large shear gap. However, parallel
plate geometry conveniently provides this much shear gap which makes it ideal for
evaluating the rheology of bone cements.**'**

In parallel plate geometry, the test fluid is held between two parallel plates, the bottom of
which is fixed. A torque is applied to the top plate, forcing it to oscillate, and the response

of the material is measured by the rotation of the same upper plate (Figure 2.7).

Torque (C)

Angular velocity, @ rad s

. |

Sample —» h=gap
Rigid plate —»

Figure 2.7: Schematic of a parallel plate

The rheological properties in the controlled stress parallel-plate rheometer is based on the

shear rate at the rim of the plate. The strain rate and stress at the rim are given by the

following equation®®"*":

e =2 2.11)

where R is the radius, @ the frequency and h the distance between plates.
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¢ (for a Newtonian fluid) (2.12)

R3

and o, =

(for a non-Newtonian fluid) (2.13)

Grim = 2(/; 3 + d(log ?)
ﬂ-R d(log 8rim )
where C is the total torque.

Furthermore, it is possible to show that the dynamic viscosity (7') and the storage

modulus (G") are given by:

, 2hC,sinc
p =00 (2.14)
R" wg,
2h(Cycosc+1a’dy,  hPw’p
+
R, 3

and, G' = (2.15)

where Cy is the amplitude of applied torque, ¢, the amplitude of measured displacement,

c the phase lag of the motion of the top plate behind the input torque, I the moment of
inertia of top plate and p the density of the test fluid.

The rheometer thus applies an oscillatory torque of known amplitude and frequency and
measures the corresponding angular displacement wave form. The amplitude ratio and

phase lag between the input and output displacement waveforms is obtained, and 7’,G’

and 1" were calculated using the expressions given above by the instrument software.*®

In this work the rheology of curing bone cements was investigated using a rheometer (AR

2000ex, TA instrument Ltd., Delaware, USA) by monitoring the change in complex
viscosity (777) of the cement mass with time. The tests were performed in the dynamic

oscillation mode, at a frequency and strain amplitude of 5 Hz and 5 x 10™ rad.

respectively, which was low enough to maintain the material’s linearity. Parallel plate
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configuration was used with the diameter of the upper and lower plates 25 mm each and
the gap between the plates 1800 pm. All measurements were made at both room
temperature (25 £ 1 °C) and body temperature (37 = 1 °C). In a typical experiment, 2 g of
cement dough was prepared by mixing the liquid and solid components in a PTFE
container with the time initiated at the initial contact of solid and liquid. The dough was
mixed by hand with a plastic spatula for approximately 30 sec and the cement was then
loaded into the rheometer. The plates were brought together and, after the excess cement
was removed, the rheometer was started and the time was noted. The time between the
start of mixing and the beginning of measurements being made by the rheometer was =
60-70 sec. The test was continued until the top parallel plate was no longer able to
oscillate and a plateau of complex viscosity was reached due to complete hardening of
the cement. The onset time of viscosity increase (to,s) and the curing time (teye) of the
setting cement were determined from the complex viscosity-versus-time curves as shown

in Figure 2.8.

Complex viscosity, Pa.S

Time, min eure

Figure 2.8. Typical complex viscosity versus time trace of curing cement
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2.7.2. Setting characteristics of bone cement

During curing of the bone cement, it undergoes a transition from the dough stage to the
purely solid stage when the cement becomes completely hardened. Moreover, it is cured
through the polymerization reaction of MMA which is an exothermic reaction resulting in
a temperature increase. Therefore, the curing parameters that characterise the
polymerization reaction or curing of bone cements are: doughing time, maximum
temperature and setting time."?

The maximum temperature, frequently called the peak temperature (Tmax), is obtained
from the maximum of the exotherm, and corresponds to the maximum temperature
attained by the bulk cement during polymerization. The setting time (t) is defined as the
time taken to reach a temperature midway between ambient and maximum, and doughing
time is the time elapsed between the beginning of mixing until the mixture is able to
separate cleanly from a gloved finger. Another important parameter that describes the
handling characteristics of the cement is the working time which has been defined as the
difference between both the setting and doughing times."

All these curing parameters except the working time have been clearly defined in the
ASTM F451-99a'*® and ISO 5833'* standards used for characterizing acrylic bone
cements. According to the standards employed to measure dough time of bone cement, a
complete package (maintained at 23 + 1 °C and 50 £ 10% humidity) of cement is mixed
and a stopwatch is started just at the time of addition of liquid to the powder. The surface
of the cement dough is probed gently with a gloved finger (powder-free latex glove). The
time when there is no fibers formed between the dough and the glove as the finger leaves

the surface is recorded as the dough time of the cement.
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Similarly, according to the standards, in order to measure the maximum polymerization
temperature (Tpax) and setting time (ts), 25 g of cement is mixed and filled in a high
density poly(ethylene) (HDPE) mould with specific dimensions. A plunger made of
HDPE is pressed on the cement dough in the mould and the superfluous cement expelled
from the mould is trimmed off. A T type thermocouple having a wire diameter of
approximately 0.5 mm is positioned with its junction (3 £ 0.5) mm above the internal
surface of the mould base. The temperature measurement is to be continued until the
temperature of the cement dough during curing starts to fall after reaching its highest
value. The maximum polymerization temperature was recorded at the peak of the plot of

temperature against time as shown in Figure 2.9.
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Figure 2.9: Typical curve for determination of maximum temperature and setting time

Similarly, the setting time (ts) is measured from the corresponding setting temperature
(Tset) in the plot which is defined according to the standards as:

Tmax +Tam
set :Tb (216)
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where Ty is the recorded ambient temperature and Ty is the highest temperature
attained.

In this work, the curing parameters of the bone cements were evaluated according to ISO
5833 standards with a slight modification to make the procedure viable for laboratory—
scale as described by B. Pascual et al."”’ According to the modified method, 2 g of
cement mass were inserted in a cylindrical Teflon mold with 10 mm in diameter and 15
mm in height. The mold was kept in a water bath at 37 °C while a T type thermocouple
was introduced into the center of the mass located 5 mm from the bottom of the cylinder.
Figure 2.10 shows schematically the experimental setup used in this work to measure the

curing parameters of the cements.

Tempitime

Recorder

Thermocouple ———»

Teflon mould —»

Cement mass
(2gm)

Water bath

Figure 2.10: Schematic diagram of the experimental setup for measuring the setting parameters of
bone cements.

2.7.3. Radiopacity of bone cement

Radiopacity is a material property which makes the material inaccessible to X-rays
resulting in a white appearance of the material during X-ray radiography. In the case of
bone cement, this white appearance on the X-ray film allows the physician to assess the

condition of the cement and implant after the joint replacement surgery.
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Radiopacity depends on the capacity of an atom to attenuate X-ray photons by the
photoelectric effect. The degree of X-ray attenuation is defined by the following
equation27’138:

I=1e"™ (2.17)
where, I is the intensity of the transmitted radiation through the material, Iy is the
intensity of the incident radiation, x is thickness of the material and p is the mass
attenuation coefficient of the material, which is a function of K-edge energy of the
material.

Radiopacity is a quantitative measurement of the opacity of the bone cement against the
standard medical X-ray which is measured from the X-ray image generated on the X-ray
film. Different techniques are followed for the quantitative evaluation of the radiopacity
from the X-ray image. The most commonly followed technique involves the
measurement of optical density of the X-ray image using a densitometer.””"**'*" Optical
density is a logarithmic measure of the ratio (transmitted light I/incident light I) through

the film image which can be formulated as:

Optical density, OD = —log,,({/1,) (2.18)

Optical density thus depends on the X-ray absorption of the radiopacifying agents and
therefore, the higher the optical density the lower the radiopacity of the material. In this
method, aluminium is used as a comparative standard as it has the absorption coefficient
which is approximately equivalent to that of human dentine of the same thickness.”’
Therefore, in this technique, a calibration curve was constructed with the optical density
of an aluminum step-wedge having varying thickness and radiopacity of the material as

reported in terms of equivalent aluminum thickness.



55

In order to measure radiopacity in this work, disc specimens (n=3), 4.6 mm in diameter
and 1 mm in thickness were placed on medical X-ray film along with a high-purity Al
step-wedge of varying thickness from 0.5 to 5.0 mm with increments of 0.5 mm. The X-
ray film was positioned on a sheet of lead to minimize back-scatter. A standard dental X-
ray source was positioned perpendicularly to the radiographic film. The unit was operated
with an accelerating voltage of 60 kVp, intensity of 10 mA, with a focus to film distance
of 52.5 cm and exposure time of 0.05 s. Following standard techniques, the films were
developed in an automatic X-ray processor and digitized. A Digital color meter® (Apple
computer) was used in this work to measure the % RGB scale of the radiographic images
of the various groups as well as the Al step-wedge on the same film using an aperture size
of 1 x I pixel. A correction factor for background radiation was taken into account in the
calculation of the percentage RGB for all groups. From the Al step-wedge radiograph, a
calibration curve relating the logarithm of %RGB vs. the logarithm of Al thickness was
constructed. The radiopacity of the specimens was calculated from the regression
equation in term of mm Al thickness. To obtain the radiopacity in terms of Al equivalent
of Imm specimen thickness, each radiopacity value was divided by its specimen
thickness.

2.7.4. Mechanical properties of bone cement

The primary target of this thesis was to investigate the mechanical properties of
nanocomposite bone cements. In order to evaluate the long term surgical efficacy of
cemented arthroplasties, two major mechanical properties of the bone cements are
important, i.e. stiffness and toughness. As mentioned in Chapter 1, tensile testing is one

of the most widely used techniques for evaluating a material’s stiffness. However, simple
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tensile loading does not play a major role in vivo; complex combinations of different
modes of loading are more appropriate. From a physical point of view, flexural or
bending combines tensile and compressive loading; therefore, the flexural test is the most
pragmatic test.’

In this work stiffness of the nanocomposite bone cement was evaluated by measuring the
flexural properties (flexural strength, FS and modulus, FM) while the toughness was
evaluated from the measurement of its fracture toughness (Kjc). Moreover, dynamic
elastic properties were evaluated to measure the micro-structural rigidity as well as the
extent of inter-phase adhesion wihin the composite materials.

2.7.4.1. Flexural properties

Flexural properties of a material are generally characterized by bend testing or flexure
testing. The FS is defined as the maximum stress at failure of the material and is often
referred to as the modulus of rupture. The test specimen can have a circular, square, or
rectangular cross section and is uniform along the complete length. For a rectangular test

specimen the FS can be calculated from the following formula'*':

o= (2.19)

Where, o is the FS, M is the bending moment, y is the distance from the neutral axis
(plane of the sample, which is stress free) to the outer surface of sample, and I is the
second moment of inertia, which indicates the distribution of forces relative to the sample
geometry.

For rectangular test specimen having width b and thickness d, the second moment of

inertia is defined as'**:
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bd’
I = 2.20
> (2.20)
And also the distance from the neutral axis to the outer surface of sample, y = d/2
Therefore, the FS for a rectangular specimen is given by the equation,
oM
o= 2.21
T (2.21)

The recommended flexural test for evaluating FS and FM of a bone cement is the
technique set out by ASTM D790'** or ISO 5833'*° standards. The ASTM standard
involves 3 point loading while the ISO standard involves four point loading fixture
during the test.

2.7.4.1.1. Three point bending test

The three point bending test involves the application of compression load in the middle of
a rectangular test specimen, which is supported at each end (Figure 2.11).

P

f— L2 —fe—— L2 ——

y=d/2 d

P/2 P/2

(a) (b)

Figure 2.11: Three point bending test specimen, a) side view; b) end view.

For a load P, applied in the center of a rectangular test specimen having length L, the

: - 141,144
bending moment is defined as ™,

M=) = (2.22)
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From Equation 2.21 and 2.22, the FS in three point bending is:

3PL
o=—"7>
2bd?

(2.23)
where, P is the maximum load, L is the specimen length in between two supports, b is the
specimen width and d is the specimen thickness.

The FM in three point bending is determined from the deflection at the straight line

portion of the force-deflection curve.

Now, the differential equation of the deflection curve for linear elastic plane bending'*:

2
fle = —% (2.24)

where E is the FM and EI is the flexural stiffness.
Solving this differential equation, the deflection formula obtains the following form'’:

1 P P
o(x)=—(—L'x——x° 2.25
(x) EI(16 T ) (2.25)

where, x is the point of location on the specimen where the deflection is measured.

The maximum deflection, 6 occurs at the middle of the specimen at point, x=L/2

3 3
S5 = PL" _ PL : (2.26)
48FEl  4Ebd
Therefore, the FM in three point bending is,
__rr 2.27)
46bd’ '

where, 0 is the longitudinal deflection of the specimen at L/2 determined from the straight
line portion of the load-deflection curve where it follow’s the Hooke’s law and P is the

corresponding load of 6 from the load-deflection curve.
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In a typical experiment, rectangular bar specimens (n=12) (32 mm x 3.15 mm x 2mm)
were produced by putting 1 g of cement dough in a PTFE mold. Following the curing for
24 hours at room temperature, the specimens were kept in demineralised water at 37 °C
for seven days prior to testing. In a typical test, each specimen was removed from water
and loaded in the three point loading fixture of a computer controlled Universal
mechanical tester (Instron 3345, Instron, Norwood, MA, USA). The test was performed
in flexural mode at a cross head speed of 1 mm/min and continued until failure occurred.
The software associated with the interface computer calculated the FS value from the
value of maximum load at failure using the formula stated in Equation 2.23. The FM
value was calculated according to Equation 2.27 from the linear portion of the force-

deflection curve (typically shown in Figure 2.12) generated by the computer.

0012

Maximum
load

Force (kN)

0.004
Elastic

load

0 05 1 15 2 25 3 35 4 45 5
Deflection (mm)

Figure 2.12. Typical force-deflection curve generated during three point bending test
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2.7.4.1.2. Four point bending test
The four point bending test involves the application of compression load at two positions

of a rectangular test specimen, which is supported at each end (Figure 2.13).

p

P
«— L3 ——ld— Li3—epe—L/3 —»
y

y=df2 d

P2 P/2

Figure 2.13: Four point bending test specimen, a) side view; b) end view.

For two loads having equal magnitude of P, applied in two positions of the specimen
having rectangular cross section as shown in Figure 2.12, the bending moment is defined

144
as

M= (§)(§) - (§>a (2.28)

where, a=1/3
From Equation 2.21 and 2.28, the FS in four point bending is:

3Pa
O =
bd?

(2.29)

Similarly the FM is determined from the straight line portion of the force-deflection
curve.
For four point bending, the maximum deflection occurs a the center, at x = L/2 with the

deflection equation'”:
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Pa Pa
= 3L —4a*) = 3L —4a’ 2.30
48EI ( ) 4Ebd’ ( ) (2:30)
Therefore, the FM in four point bending is,
E=4§;3 (L2 —4a?) (2.31)

where, 0 is the longitudinal deflection of the specimen at /2 determined from the initial
linear section of the load-deflection curve where it follows the Hooke’s law and P is the
corresponding load of & from the load-deflection curve.

Four point bending test is the recommended technique for characterizing the flexural
properties of bone cement according to ISO 5833 standard. In a typical experiment,
rectangular bar specimens (n=12) (32mm x 3.15mm x 2 mm) were produced as per the
method followed in preparing specimens for the three point bending test. Testing was
conducted using the computer controlled Instron 3345 at a crosshead speed of 5 mm/min.
Four point FS was calculated from the maxium stress at fracture while the four point FM
was calculated from the straight portion of the force-deflection curve according to
Equation 2.31.

The specimens under three or four point loading experience normal stress which is
compression (above the neutral axis) and tensile (below the neutral axis) during the
bending test with negative bending moment. Besides normal stress, additional shear
stress develops in the specimen that can influence the result of the bend test. In order to
minimize this effect, the ratio of support length, L to specimen thickness, d must be
considered as L = (16+1)d."” Therefore, the effect of shear stress was negligible in this

work as we maintained the L/d ratio of the test specimens at 16 £ 1.
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2.7.4.2. Fracture toughness

Fracture toughness of a material is defined as the energy absorbed by the material before
a crack propagates through it. This is a measure of the amount of energy required for
fracture.

The fracture toughness of a material is characterized by the energy release rate and the
stress intensity factor. The energy release rate is a function of the energy involved in
crack propagation, whereas the stress intensity factor describes the stress state or stress
intensity at the tip of a crack.'® The stress intensity factor changes with crack length and
stress according to'

K=Yc"? (2.32)
where K is the stress intensity factor and Y is a function that is dependent on crack size
and geometry. A material fractures when the stress intensity reaches a critical value Kc,
This value of the stress intensity at fracture is called the fracture toughness, which gives a
relative value of a material’s ability to resist crack propagation. The critical stress
intensity factor or fracture toughness is generally denoted as Kjc, where the subscripts I
refers to the direction of load application which is perpendicular to the crack as in the
case of tensile test.'*® The units of Kjc are units of stress (force/lengthz) X units of
length'? and are typically reported as Mpa-m'".

The fracture toughness test is a standard procedure to characterize the fracture behaviour
of bone and dental cements. A commonly used method to measure the Kjc of bone
cement is based on the chevron notched short rod (CNSR) configuration introduced by

Barker'*” which is set by the ASTM B771-87'** standard. In this work, we characterized

the Kjc of nanocomposite bone cements using the notchless triangular prism (NTP)
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method as developed by Ruse et al,'®

which is a simplified modification of the CNSR
configuration to accommodate small samples and to avoid the cumbersome notching
procedure.

The NTP method uses a 6 x 6 x 6 x 12 mm notchless triangular prism specimen (Figure
2.14 a). The assembly of the NTP specimen and the specimen holder achieves a final
configuration (Figure 2.14 b) similar to one present in a CNSR test (Figure 2.14 c). The

prism, when fitted into the holder, reproduces the chevron shape of the area to be

fractured during the test.

6 mm
12mm
6 mm
B
(a)
|<— V=105 mm —>| |<—W: 105 mm—p|
D=12 mm D=12 mm

L

ay- 53 mm 52 mm \ =53 mm

a,

NTP specimen
Chevron notch

(b) (©)

Figure 2.14: (a) Notchless triangular prism (NTP) used as a test specimen; (b) diagram showing the
configuration of an NTP specimen in holder; (c) diagram showing the configuration of a CNSR
specimen.
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The holder has four components (Figure 2.15). Two symmetrical half cylinders (¢ = 12
mm, h =9 mm) with a loading collar (¢ = 18mm, h =3 mm) at one end and a triangular
prismatic groove (6 X 6 x 6 x 6 mm) at the other form the base into which the NTP is
placed. Two symmetrical half-disks (¢ = 12 mm, h = 1.5 mm), fastened with screws
across the triangular prismatic grooves of the corresponding half-cylinders of the base,
restrain the NTP test specimen.

Triangular prismatic groove

« | Halfdisk

Half cylinder

Loading collar

Figure 2.15: Holder for the NTP specimen. (Ref.'*)

During the testing, NTP specimens (n=12) were produced with dimensions as mentioned
above by placing 0.4 gm cement dough in PTFE mold. After curing the specimens at
room temperature for 24 hours, they were submerged in demineralised water at 37 °C for
seven days. Prior to mounting the specimens for each test, each specimen was removed
from water and a ~0.1 mm deep crack was created using a sharp blade midway along one
of the edges of the NTP specimen. The specimen was placed into the groove with the
crack initiation point aligned with the split line of the holder and secured in place by the
two screw-tightened lids. The test assembly was secured in the custom designed grips

attached to the computer controlled Universal testing machine (Instron 3345) and loaded
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in tension at a crosshead speed of 0.1 mm/min, and the load and the displacement were
constantly monitored and recorded.

The K¢ value was obtained using the standard formula used in CNSR method'*’:

Pmax *
KIC DW1/2 ymin (233)

where, Py.x = maximum load recorded during testing, D = specimen diameter (12 m) (in
case of NTP, it is the diameter of the half cylinder), W = specimen length (10.5 mm) ( in

case of NTP, it is the total height of the half cylinder and the half disk that restrains the

specimen) and y.. = the dimensionless stress intensity factor coefficient minimum which
is a function of two parameters as given by y.. = f(a,,W /D), where «, is the ratio of

initial crack length, a, (distance from the line of load application to the tip of the

chevron), to specimen length, W , i.e. «, :a—V;, and W/D is the specimen length to

diameter ratio.
Bubsey et al."*” reported values for .. for specimens with W/D ranging from 1.5 to 2.0

and ¢, ranging from 0.2 to 0.5 and established a linear regression analysis between the

experimentally determined y,, and W/D at a,= 0.5 ( Figure 2.16).
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Figure 2.16: Plot of }/:;m versus W/D, redrawn from article published by Bubsey et al.'*’, used to

determine the dimensionless stress intensity factor coefficient minimum, }/:;m for the NTP test.

In the case of a NTP specimen, ¢, = %o _ >3 =0.5
w105

and W/D = 0.88

149,150
1.7

Because the W/D ratio is outside the range reported by Bubsey et a ,a y.. value

for the NTP configuration was extrapolated and a y,. = 28 was obtained for the NTP

configuration.
A very good correlation between the NTP and CNSR fracture toughness indicated that
the NTP fracture toughness test can be used to determine the fracture behaviour of acrylic

bone cement and other composite materials.'*

2.7.4.3. Dynamic elastic properties
Dynamic elastic properties of a material is a measure of its rigidity and were evaluated by

non-destructive testing with ultrasonic waves using a pulse method.
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Ultrasonic waves or elastic waves propagate in elastic bodies like solids, liquids and
gases by vibrating or oscillating the particles of the bodies. This oscillatory motion of
particles can occur along the direction of wave propagation (longitudinal wave) or
perpendicular to it (transversal wave). Only in solid bodies transversal waves arise in
addition to longitudinal waves, since oscillating return to a state of rest presumes the

151

existence of restoring elastic forces. > The velocity of the longitudinal wave can be

expressed in terms of the materials elastic properties as'”’,

C, = \/E (2.34)
P

Similarly, the propagating velocity of transverse wave in solids can be expressed as,

C, = \/Z (2.35)
P

where, u is the shear modulus of the material.

Therefore, the lighter the material and/or the greater its rigidity, the greater is the
magnitude of the sound velocity in it.

Now for a infinitely extended solid medium or material, when its cross-sectional
dimensions are large in comparison with the length of the wave propagated in it, and
where the reflection of waves from the boundary of the medium can be neglected, the

velocity of longitudinal wave will be*!'>%:

C, :\/ Ed-v) (2.36)
p(l+v)(1-2v)

where, v is the poisson’s ratio of the material.
Similarly, the propagation velocity of transverse waves is related to the elastic properties

of the solid medium as:
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co= £ (2.37)
2p(1+v)

From equations 2.37 and 2.38 the dynamic elastic properties of the solid are provided

below:

d+v)1-2v)

Dynamic Young’s modulus, E = - (pC;) (2.38)
—v

Dynamic shear modulus, u = pC; (2.39)
o Vi, e’ -1

And Poisson’s ratio, v = (2.40)

(C,/Cg)* -1
The ultrasonic pulse method is the most convenient technique to evaluate the elastic
properties of a material. Along with the measurement of a materials rigidity, this method
also qualitatively reflects the interfacial adhesion between the filler and matrix of a
reinforced composite.’ The stronger the adhesion, the faster the propagation of an
ultrasonic wave through the filler-matrix interface. The values dynamic elastic moduli
determined by this technique exhibit very low coefficient of variation and this is why, it
has been found to be quite sensitive to composition and structural changes within the
material and also the material’s isotropy.”? Therefore, this method is quite valuable when
developing new materials and was followed in this research to characterize the dynamic
elastic properties and interfacial adhesion between the nanofillers and acrylic matrix of
nanocomposite bone cement. This technique is based on the analyses of the propagation
time of ultrasonic wave. The principal operating units in the pulse apparatus are a
synchronizing pulse generator, transmitting and receiving piezoelectric elements,

amplifier, and oscilloscope.
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In a typical testing procedure, an ultrasonic mechanical vibration with resonant
frequency of 20 MHz was emitted by piezoelectric transducers (Lithium niobate crystal)
when a high-frequency pulse was applied using a pulse/function generator (811A, 20
MHz, Hewlett-Packard). As the piezoelectric effect is reversible, an ultrasonic wave
reaching a piezoelectric element generates a pulse of the same frequency at its electrodes
and is delivered to the time-sweep of an oscilloscope (60 MHz, V-665, Hitachi).
Therefore, two lithium niobate crystals were attached to the two opposite surfaces of the
specimen. One crystal emits an ultrasonic wave through the material while the other
crystal receives the wave and converts it into an electrical signal. Both the transmitting
and receiving signals were generated in a storage oscilloscope and the traversal time of
wave in the investigated specimen was determined from the receiving signal presented in

the oscilloscope as shown in Figure 2.17.

-

Oscilloscope

/ Screen
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4'( ™ Amplifier Circuit
1NN
—
—
Sweep 1
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Circuit
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Specimen | A"
Transmitting Receiving
Transducer Transducer

Figure 2.17. Block diagram of the ultrasonic-pulse setup.
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Knowing the specimen thickness, which was confined between the two transmitting and
receiving crystals, the velocity of ultrasonic wave was determined using the following

relationship:

Specimen thickness

C= : (2.41)

Where C is velocity of sound (m/ps); t = T- At; T is total travelling time (us) of the
ultrasonic wave across the sample and the receiving crystal; and At is the travelling time
(us) of the ultrasonic wave through the receiving crystal.

X- and Y-cut crystals were used for excitation of longitudinal and transverse oscillation
in the test specimen. For the excitation of longitudinal wave, the piezoelectric crystal was

cut at 36° with the X-axis while for transverse wave was cut at 41° with Y-axis.

2.7.5. 1In vitro biocompatibility of bone cement

Being a biomaterial, bone cements must be biocompatible. In this thesis biocompatibility
of the bone cements were determined in-vitro by using the osteoblast cellular response
method. This method is evaluated by the extent of cell adhesion, cell proliferation and
live/dead analysis after applying the osteoblast cells on the surface of the composite
specimens.

The in-vitro study on the cellular response of bone cement specimens was carried out by
a graduate student in Prof. Douglas Hamilton’s Lab using osteoblast cells of neonatal rat
calvariae.

In order to determine the in vitro biocompatibility of the cements, the following
components were purchased from Invitrogen: phosphate buffered saline (PBS), heat-

inactivated fetal bovine serum (FBS), alpha-modified eagle medium (a-MEM) (Gibco,
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Grand Island, NY, USA), live/dead kit and antibiotic solution (10,000 units/ml penicillin,
10,000 pg/ml streptomycin, and 25ug/ml amphotericin). Paraformaldehyde (PFA) and
collagenase type Il were purchased from Sigma-Aldrich.

Rat calvarial osteoblasts were isolated from 1-d-old rats using sequential collagenase
digestion, as described by Bellows et al."® Prior to the experiment, stock collagenase
mixture was made and aliquoted into 50ml tubes. For 300ml solution, 2 g NaCl, 120 mg
KCI, 160 mg K;HPOy4, 40 mg CaCl,, 1.8 g HEPES buffer and 298 ml water were placed
into a sterile beaker with tissue culture stir bar. Solution was dissolved and pH was
adjusted to 7.3 using IM NaOH. Following pH adjustment, 1.6 g Mannitol, 0.6 g
Glucose, 0.6 g BSA, 350 U/mL of Collagenase (Sigma Aldrich) and 3 mL antibiotics
were added into the same beaker.

Following addition and dissolution of the ingredients, collagenase mixture was filtered
through a 0.22um filter (Millipore).

2.7.5.1. Dissection of mouse calvarial osteoblasts.

Each digestion procedure was for a maximum of 8-12 pieces of calvariae. One day old
pups were decapitated and placed into chilled PBS and brought into a sterile flow hood.
The skin above the skull was cut from the base of the skull towards the forehead. The
calvariae was dissected from parietal bones along suture lines and placed in a petri dish
with PBS. Following dissections, leftover connective tissue was removed from calvariae
using a surgical blade (No.10). Once removed, calvariae was transferred to a new petri
dish and minced in PBS. Freshly cut calvariae was then transferred into a 15 ml
Eppendorf tube filled with 6ml of collagenase mixture and agitated in a 37 C shaker at

70rounds/min for 10 minutes. Following agitation, the collagenase mixture was removed
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and discarded with the remaining minced calvariae left in the ependorf tube. 6 ml of
fresh collagenase mixture was added to eppendorf tube with calvariae and inserted in the
shaker at 70 round/min at 37 °C for 10 minutes. Following agitation, 6ml of collagenase
is collected and placed in a new eppendorf tube. Repeat 3 more times with 6ml of fresh
collagenase and agitate for 10, 20, and 20 minutes. In total, 4 samples were collected and
pooled together. Samples were centrifuged at 1000g for 8 minutes and cells were plated
in T-25 flask using alpha-MEM supplemented with 10% FBS and 1% antibiotics. For in
vitro bone formation assay, cells were subcultured and plated at a density of 3 x 10
cells/em®. The medium was changed the following day and every 2 days until confluency
was reached.

2.7.5.2. Surface treatment of the specimen by plasma cleaning

In order to increase the surface energy and promote cell attachment, all nanocomposite
specimens were plasma cleaned using argon gas. The samples were loaded on a 24 well
cover and placed inside the plasma cleaner vacuum for a period of 5 minutes. The
samples were then flushed with argon gas twice for 30 seconds followed by 3 minutes of
rest to create a proper vacuum. Following 2 argon flushes, the plasma RF value was
turned to medium and the argon tank was opened halfway for 4 minutes to allow plasma
cleaning to take place. The vacuum was then removed and samples were removed into
sterile 24 well culture dishes.

2.7.5.3. Immunofluorescence staining

Primary rat calvarial osteoblasts were plated at a density of 10 000 cells per 15 mm
structure in a 24 well culture dishes. At desired time points, osteoblasts were fixed with

4% PFA for 5 minutes followed by washing with PBS 3 times. Cells were then
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permeablized with 0.1% triton x-100 in PBS for 2 minutes followed by 3 washes of PBS.
Cells were blocked with PBS/0.5% BSA for 75 minutes. Primary antibody was diluted
based on data sheet standards (usually 1:100) in PBS/0.5% BSA for lh at room
temperature followed by 5 washes with PBS. Secondary antibody was applied at a
dilution of 1:200 in PBS/0.5% BSA for 1 hour at room temperature in the dark. For
experiments involving actin staining, phalloidin was added after secondary antibody for 1
hour at room temperature in the dark.

For cell adhesion experiments, samples were tested for differences for p-Tyr (PY99,
Santa Cruz Biotechnology) and phalloidin-FITC (Sigma-Aldrich) antibodies, followed by
an appropriate secondary antibody (Chemicon International). Cells were nuclear stained
with Vectashield (Vector Laboratories, Inc.) and mounted using cover slips. Images were
photographed with an Axiphot microscope (Zeiss), a Fast1394 digital camera (QICAM)
and Northern Eclipse software (EMPIX).

2.7.5.4. Live/dead analysis

Live/dead analysis is a method which is designed to determine the viability/cytotoxicity
of cells by differentiating between live and dead cells. Live/dead analysis kit (in this
work, obtained from Invitrogen) allows the differentiation between live and dead cells
with a two colour flurescence. Calcein AM measures intracellular esterase activity and
ethidium homodimer measures plasma membrane integrity. Live cells are viewed
fluorescently in cells in the presence of ubiquitous intracellular esterase activity, which is
determined by the enzymatic conversion of calcein AM to the fluorescently labeled
calcein (green). Ethidium homodimer enters the cells through damaged cell membranes

and undergoes fluorescence enhancement upon binding of EthD-1 to nucleic acids (red).
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For live/dead analysis, primary rat calvarial osteoblasts were seeded onto bone cement
specimen surfaces for a period of 1d, 2d and 3d. Following live/dead staining, 12 images
of each structure were taken and analyzed microscopically.

2.8. Statistical analysis

All the statistical analysis performed on the experimental data for different tests in this
work, were conducted using a one-way analysis of variance (ANOVA) and a Tukey B
multiple comparative rank order test, with significance denoted at P<0.05 or as otherwise

noted.
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Chapter 3: Functionalization and characterization of titania

nanomaterials

In this chapter, the functionalization of titania nanomaterials (nano fibers and
nanospheres) and the effect of these nanomaterials on a poly(methyl methacrylate)
(PMMA) matrix are described. Part of this chapter is reproduced from the published
article by the author: Synthesis of TiO,-PMMA Nanocomposites: Using Methacrylic
Acid as a Coupling Agent,”® with permission from Langmuir 23 (7), 3988-3995,
Copyright [2007] American Chemical Society.

This chapter describes a new method for functionalizing TiO, nanomaterials (n-TiO;) to
provide compatibility with the organic polymer matrix for the synthesis of TiO,-PMMA
nanocomposite bone cements. Methacrylic acid (MA), a bifunctional agent that can
chemically link to both n-TiO; and the polymer matrix, was used to modify the surface of
n-TiO, using a Ti-carboxylic coordination bond. Then, the double bond in MA was
copolymerized with methyl methacrylate (MMA) to form a n-TiO,-PMMA composite.
The resulting nanocomposites were characterized by using electron microscopy and
elemental analysis. The interfacial adhesion between the functionalized n-TiO, and
polymer matrix was characterized by thermal analysis and non-destructive dynamic
testing. The electron microscopy results showed a good distribution of the n-TiO; in the
polymer matrix. It was found that the interfacial adhesion between the functionalized n-
TiO, and PMMA matrix is stronger than that with non-functionalized n-TiO, as
evidenced by a higher value of the glass transition and thermal degradation temperatures

and a higher magnitude of dynamic Young’s and shear modulus. Moreover, titania



76

nanofibers (n-TiO,fiber) exhibited a better reinforcing effect on the nanocomposites than
that delivered by titania nanospheres (n-TiO; sphere).

3.1. Introduction

In recent decades, the synthesis of polymer nanocomposite materials has been intensely
studied due to their extraordinary properties and wide-spread potential applications. In
this regards, nanocomposite bone cements have drawn attention to overcome their
prevailing shortcomings in clinical applications. As an example, commercial acrylic
bone-cements mostly use BaSOy or ZrO, as radiopaque fillers.”*'>* The addition of these
fillers causes phase separation and agglomeration in the composites due to the
incompatibility of highly polar, ionic radiopaque substances with low-polarity resins,
which in turn leads to the degradation of physical and mechanical properties.”® A
diversity of crystalline nano-materials, i.e., three-dimensional nano metal oxides, two-
dimensional layered silicates, and one-dimensional carbon nanotubes, have been used for

: . 155
reinforcement of the polymer matrices of bone cement.

In addition to nanoclay and
carbon nanotubes, oxide nanoparticles are emerging fillers for bone cement applications.
For instance, TiO, was used as a radiopacifier in dental composites and bone

154,156
cements.

The one-dimensional oxides, such as fibered or tubular SiO,, TiO,, and
ZrO, are promising for reinforcement due to their unique properties and low cost
compared with carbon nanotubes, however, only a few research studies have been
reported in this area.'”’'®

One of the challenges for preparing nanocomposite materials is the agglomeration of the

nano-fillers in the polymer matrix that leads to poor performance of the composite. To

solve this problem, ultrasonic irradiation was used for dispersion of SiO,, TiO; and Al,O3



71

nanoparticles during the synthesis of inorganic-polymer nanocomposite materials.'>

However, without any chemical bonding, enhanced interaction between the matrix and
filler was not achieved.'® Goto et al. used silane coupling agents, i.e., organofunctional
silanes to functionalize nanosized titania fillers in order to make them compatible with
the PMMA matrix when producing bioactive PMMA based bone cement.”” But the
silanized nanofiller did not favorably affect the mechanical properties of the cement due
to the agglomeration of the titania par‘[icles.97’161 Yoshida et al. treated SiO,/ALO; -
coated TiO, filler with silane coupling agent in order to produce opaque resin composites
but failed to get improved mechanical properties due to the smaller surface area of the

micron sized fillers.'>*

Matsumura and Nakabayashi encapsulated micron sized titania
particles with PMMA by in situ polymerization when producing opaque resin adhesives
for veneering on cast metal,'® but did not get enhanced interaction between the matrix
and fillers, likely due to the larger particle size and absence of chemical bonding.

In this chapter, we present a new method of functionalizing titania nanostructures and
synthesizing a nanocomposite with the functionalized n-TiO; in the polymer matrix by

163,164

using MA, which has both a carboxyl group for coordination to the nano-titania, and

a vinyl group for subsequent polymerization. Gratzel et al. described three possible

structures of carboxylate coordinated to a titania surface (Scheme 3. 1).163

R o) R
| \ |
C /C_R P
oh\o (0] o~ N0
N/ | |
Ti Ti Ti Ti
(@) (b) (©

Scheme 3.1. Binding modes of RCOO- with titania surface (R= H or CH3;). (a) chelating bidentate.
(b) monodentate and (c) bridging bidentate.
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In the first structure, carboxylate is bound to one Ti'' center in a chelating bidentate
mode (a). The carboxylate could also be bound to one Ti'" in a monodentate (ester-like
linkage) mode (b) and finally, the carboxyl group could bind with each of its oxygen
atoms to a Ti'" center of the surface yielding the bridging bidentate mode (c). The
carboxylic ions adsorb in a dissociative process with the two oxygen atoms bonding to
the surface titanium ions, with the proton (H") bonding to the bridging oxygen ions.'®

After functionalization of the n-TiO, with the bifunctional molecule, MA, the PMMA-
TiO, nanocomposite was synthesized through free radical copolymerization between the
MA bridged to the n-TiO, and methyl methacrylate (MMA) monomer either by

suspension polymerization in water or by bulk polymerization (Figure 3.1).
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Figure 3.1: Schematic: functionalization of n-TiO, and formation of TiO,-PMMA nanocomposite.

The copolymerization between MA and MMA will occur according to the Q-e scheme as
first proposed by Alfrey and Price.'®” Having Q and e values almost similar to one
another, monomer MMA (Q = 0.78, ¢ = 0.40) and MA (Q = 0.98, ¢ = 0.62) will have

tendency to copolymerize in a random fashion as extensively studied by others.'®*!"
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The resulting copolymerization products (nanocomposites) were characterized by
electron microscopy, thermal and mechanical analysis.

3.2. Experimental details

3.2.1. Materials.

n-TiO; fiber with an average diameter of 12 nm were prepared by a direct sol-gel process
in supercritical carbon dioxide (scCO,) as described in Chapter 2.'** Commercial titania
nanospherical particles (99.5%, Sigma-Aldrich), 2-propanol and MA (99.99%, Sigma-
Aldrich), poly (vinyl alcohol) (PVA) (99+% hydrolyzed, Sigma-Aldrich) and benzoyl
peroxide (BPO) (97%, Sigma-Aldrich), MMA monomer (95.9wt%, Ivoclar Vivadent)
containing a crosslinker butanediol dimethacrylate (4 wt %) and an activator (0.1 %)
were used as received. PMMA beads (99.2 wt %, Ivoclar Vivadent) having an average
particle diameter of 57.7 microns (as measured by laser diffraction using a Malvern
Mastersizer 2000), an average molecular weight of 207kDa (as measured by gel
permeation chromatography, see appendix 2) with a free-radical initiator BPO (0.8 wt %)
were used without further treatment. MMA monomer (99%, Sigma-Aldrich, inhibited
with 10-100ppm monomethyl ether hydroquinone) was passed through an inhibitor
removal column (capacity 3L at 100 ppm hydroquinone, Sigma-Aldrich) before use.
3.2.2. Experimental setup

The experimental setup for synthesis and functionalization of n-TiO,, and preparation of
the n-TiO,-PMMA composites both by suspension and bulk polymerization techniques

were described in detail in Chapter 2.
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3.2.3. Functionalization of n-TiO,
The as-prepared n-TiO; fibers synthesized by the sol-gel method in scCO, were calcined

at 600 °C to impart crystallinity and thermodynamic stability.'”"

The diameter and length
of the n-TiO; fibers were determined from the electron micrographs of the nanofibers by
using Image J software on the basis of 100 numbers of nanofibers.

In order to functionalize the surface of the nanofibers, 0.1 g of calcined TiO, powder was
dispersed in 35 mL of 2-propanol with the aid of ultrasonic agitation, followed by
reacting with 3 mL of MA at 80-85 °C for 24 hours with constant stirring. The pH of the
reaction medium was measured using a pH meter (VWR SB301), with the initial pH
value being 3.85. The reaction product was then filtered and washed by ultra pure
distilled water, and dried at 80 °C for 5 hours under vacuum. For comparison purposes,
the commercial n-TiO, spheres were functionalized using the same technique.

3.2.4. Preparation of n-TiO, —- PMMA composites

TiO,—PMMA nanocomposites were synthesized by both suspension and bulk
polymerization free-radical techniques.

In the suspension polymerization, a 1 L flask was equipped with a turbine stirrer, reflux
condenser, thermometer and a nitrogen inlet. 0.1 gm PVA was dissolved in 250 ml warm
deionized water in a reactor under N, atmosphere and constant stirring for 30 minutes.
The mixture of 0.5 g of functionalized n-titania, 0.25 gm of BPO and 5 ml of MMA (after
ultrasonication) was then introduced into the reactor and the polymerization was
performed at 80-85 °C under N, atmosphere with a stirring speed of 800 rpm for 8 hours.

In the case of bulk polymerization, the nanocomposite was synthesized at room

temperature using a known amount of PMMA powder and MMA liquid (weight of
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powder/weight of liquid = 2.18). The powder portion contained 99.2wt% PMMA beads
(57.7 micron) and 0.8wt% benzoyl peroxide (BPO). The liquid portion contained MMA
(95.9 wt %), a dimethacrylate crosslinker (4 wt %), and an activator (0.1 wt %) for room
temperature initiator decomposition.172 The viscosity increase, polymerization shrinkage,
and heat of reaction during bulk polymerization was controlled by the partial dissolution
of PMMA beads in the liquid MMA monomer due to the solubility of the PMMA beads
in liquid MMA."'"

The functionalized n-TiO, were dispersed in the liquid monomer portion by ultrasonic
agitation for one hour. The resulting materials were hand-mixed with the powder portion
(according to the standard technique for preparing acrylic bone cement)'”? into a dough
state and then injected into different molds for different types of characterization. On
each end of the mold, glass slides were firmly held. After complete curing at room
temperature, specimens were taken out of the mold and aged for 24 h at room
temperature, as described previously.'”? Then the specimens were subjected to different
testing in the dry condition.

3.2.5. Characterization

X-ray diffraction (XRD) was conducted utilizing Rigaku-Geigerflex CN2029 employing
CuKal + Ka2 radiation with a power of 40kVx35mA. The FTIR spectra were collected
using KBr pellet form with a Bruker IFS 55 FTIR instrument with an attached MCT
detector. Scanning electron microscopy (SEM) images were recorded using a LEO 1530
instrument without gold coating. Transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM), energy dispersive X-ray spectroscopy (EDS)

and electron energy loss spectroscopy (EELS, with a dispersion of 0.2 eV/pixel, a probe
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size of 1 nm and a camera length of 0.2 gif A) images of the composite were studied
using a JEOL 2010f operated at 200 KV. Differential scanning calorimetric (DSC)
analysis was performed using a Mettler Toledo DSC822° (second heat, midpoint method)
with a temperature ramp from 25 to 150 °C at a heating rate of 10 °C/min under nitrogen
atmosphere. Thermo gravimetric analysis (TGA) was performed using a Mettler-Toledo
TGA/SDTA851° from 25 to 600 °C at a heating rate of 10 °C/min under nitrogen
atmosphere.

The dynamic elastic modulus (Young’s and shear modulus) of the nanocomposite
specimens were evaluated by an ultrasonic pulse method as described in Chapter 2.
During the preparation of specimens for this test, the functionalized n-TiO; (2 to 15 wt%)
was dispersed in the liquid monomer portion by ultrasonic agitation for one hour
following mixing the powder and liquid into a dough state and injection of the dough into
a polysiloxane mold having diameter and height of 16 and 2 mm respectively. The
dynamic Young’s and shear moduli, and Poisson’s ratio were calculated from the
velocities of the longitudinal and transverse waves as described in chapter 2.

3.3. Results and Discussion

3.3.1. XRD

128171 showed that

The powder X-ray diffraction patterns, as described in previous work,
the n-TiO,fibers calcined at 600 °C exhibited both anatase and rutile nanocrystallites and
the ratio of anatase to rutile was 0.79:1, according to Zhang and Banfield’s correlation.
Powder X-ray diffraction patterns of the commercial n-TiO, showed the ratio of anatase

to rutile as 1.25:1 (see Appendix 3). The results showed that the crystallinity of the fibers

and spheres were similar, so that the effect of the crystallinity on the nanocomposite
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could be eliminated when comparing the properties of the polymer nanocomposites, as
described in the subsequent paragraphs.

3.3.2. FTIR

The FTIR spectra of both the calcined and the functionalized titania nanofibers are shown
in Figure 3.2. In Figure 3.2(a) the absence of any peak from 1300-1800 cm™ indicates the
absence of any organic groups on the titania surface. In Figure 3.2(b) the very strong
bands at 1546, 1444 and 1414 cm™ are due to the bidentate coordination between

titanium atoms and the carboxylic groups of MA.
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Figure 3.2: FT-IR Spectra: the non-functionalized (a) and functionalized (b) n-TiO, fibers.

The band at 1630 cm™ shows the existence of the vinyl bond of MA, and the small band
at 1346 cm™ corresponds to a CH; group and the weak band at 1708 cm™ corresponds to
the C=0 bonds of very small amounts of carboxylic acid residue.'”*'”* The IR spectrum
shown in Figure 3.2(b) confirms that the carboxyl group of MA has been coordinated to

the titania surface through the bridging bidentate mode, as shown in scheme 3.1(c). As a
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result of this, titania was functionalized with a vinyl group for subsequent polymerization
with unsaturated monomer during the synthesis of polymer-titania nanocomposites.

Before functionalization, n-TiO, is hydrophilic. After the coordination of methacrylic
acid to the surface of the n-TiO,, however, it becomes both organophilic and hydrophilic.
The organo- and hydrophilicity were contributed by the CH,=CH- of the methacrylate
group and H' on the bridging oxygen atom of the surface of titania, respectively.'**'”®
Figure 3.3 a and b show the dispersion of the n-TiO; in layers of MMA and water at room
temperature. The nonfunctionalized n-TiO, is well dispersed in the water phase, while the
functionalized n-TiO; exhibited good dispersion in the monomer organic phase with a
tendency towards the interface. This indicates the hydrophilicity change into
amphiphilicity. After heating at 80 °C, the functionalized n-TiO; is completely suspended
at the interface of the monomer and water layers (Figure 3.3 c). Interestingly, without

water, the functionalized n-TiO, dispersed well in the monomer at both room temperature

(Figure 3.3 d) and 80 °C.
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Figure 3.3: Photograph of n-TiO, powder dispersed in the mixture of MMA and water: (a) non-
functionalized n-TiO, at room temperature; (b) functionalized n-TiO, at room temperature; (c)
functionalized n-TiO, at 80 °C; (d) functionalized n-TiO, powder dispersed in monomer at room
temperature.

3.3.3. Electron microscopy

In order to evaluate the microstructure and size distribution of the n-TiO, fibers as well
as to examine the distribution of the n-TiO, fibers within the nanocomposites, SEM and
TEM analysis were conducted. Figure 3.4 a shows the SEM micrograph of the
functionalized n-TiO; fibers which confirmed that the morphology of the n-TiO, fibers
after functionalization were in the fiber form. Based on this micrograph, the particle size
distribution revealed normal behaviour with a mean value for diameter and length of 12
nm and 2 um respectively (Figure 3.4 ¢ and d). Figure 3.4b shows the SEM image of the
PMMA composite with functionalized n-TiO, fibers synthesized by suspension

polymerization at 80 °C. Many fibers can be observed in the area surrounding the PMMA
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Figure 3.4: (a) SEM of the functionalized n-TiO, fiber bundles; (b) SEM of the 3 wt % functionalized
n-TiO, fibers-PMMA composite produced by the suspension polymerization; (c) distribution of
diameters of n-TiO, fibers; (d) distribution of length of n-TiO, fibers.

beads, indicating a poor distribution of nanofiller in the polymer due to the amphiphilic
nature of the functionalized n-TiO; in the presence of water as described earlier.

The dispersion of the filler was improved significantly when the polymerization reaction
was conducted at room temperature using bulk polymerization. Figure 3.5 compares the
fracture surface of the composite with functionalized n-TiO, fibers and unfilled PMMA
matrix prepared by bulk polymerization at room temperature. From this figure it is
obvious that the n-TiO, fibers are well dispersed in the composite without any phase
separation from the polymer matrix. Figure 3.6 a shows the fracture surface of 3 wt %

functionalized n-TiO; fiber-PMMA composite produced by bulk polymerization. In this
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Figure 3.5. SEM: (a) Fracture surface of 3 wt % functionalized n-TiO, fiber-PMMA composite; (b)
fracture surface of unfilled PMMA matrix produced by the bulk polymerization.

Figure we can see that the 58 micron diameter prepolymerized PMMA beads are firmly
embedded in the matrix. The excellent adhesion and strong interfacial bonding between
the polymer matrix /functionalized n-TiO; filler establishes a strong network throughout
the matrix which confines the PMMA beads. This shows that the hand-mixing procedure
of the bulk-polymerization works very well and the n-TiO, fibers functionalized with

methacrylic acid provides an excellent matrix.

20pm ) ¢ 20pm

Figure 3.6 SEM: (a) Fracture sufrce 3 wt % functionalized n-TiO, fiber-PMMA composite; (b) and
fracture surface of 3 wt % non-functionalized n-TiO,fiber-PMMA composite produced by the bulk
polymerization.
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In comparison, Figure 3.6 b shows the fracture surface of a 3 wt% non-functionalized n-
TiO, fiber-PMMA composite produced by the same procedure. Here we can see
delaminating of the polymer beads from the matrix, further illustrating the importance of
the nanomaterials having organophilic behavior in order for both good dispersion in the
monomer phase, and good bonding to the relatively non-polar PMMA beads.

TEM has proven to be a powerful tool for studying the dispersion and microstructure of

170178 Figure 3.7 shows TEM images of

nanofillers embedded within a polymer matrix.
functionalized n-TiO, fibers (Figure 3.7 a) as well as TEM images of PMMA composites
with n-TiO, fibers (Figure 3.7 b, ¢) and composites with commercial TiO, nanospheres
(Figure 3.7 d) prepared by bulk polymerization. From Figure 3.7 b and 3.7 c it is

observed that while there are several individual particles distributed throughout the

polymer matrix, most are clumped together in bundles.
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Figure 3.7. TEM: (a) functionalized n-TiO, fibers; (b) 3wt% functionalized n-TiO, fiber-PMMA
composites at low magnification; (¢) 3wt% non-functionalized n- TiO, fiber-PMMA composites; (d)
3wt% functionalized commercial n-TiO, sphere-PMMA composites. The insets are the ones with
higher magnifications.

The bundles are in the nanosize range, and are uniformly dispersed throughout the
polymer matrix, particularly when comparing with the functionalized fibers before
polymerization as shown in Figure 3.4 a. Partial breaking of the fibers may be due to the
high heat evolved during the exothermic bulk polymerization, which could break some of
the oxo bonds between individual crystal structures or from the ultrasonic agitation
treatment. Figure 3.7 d shows the functionalized commercial TiO, nanospheres in the
PMMA matrix, in which the spheres exhibited a size range from 25-100 nm, and are

uniformly dispersed throughout the polymer matrix.



90

The nanostructure of the composites was further studied by using STEM equipped with
elemental analysis. Figure 3.8 a shows the STEM high angle annular dark field image of
10 wt % n-TiO; fiber in the PMMA matrix synthesized by the suspension polymerization
technique. The bright white area is attributed to the polycrystalline TiO, and grey area is
due to the amorphous PMMA matrix, and this was clarified by means of EDS mapping
and EELS analysis. Using EDS elemental mapping, the distribution and intensity of the
titanium and oxygen elements can be visualized (Figure 3.8 b and c). Also, using a
certain signal energy windows of the EELS spectra, the elemental intensity along a line
can be envisioned. Figure 3.8(d) shows the STEM image with EELS landscape, showing

the intensity profile of titanium along the horizontal line.

o0 nm 90 nm

o0 nm 50 nm

Figure 3.8: (a) STEM: n-TiO, fiber PMMA composite made from suspension polymerization; (b)
EDS: titanium mapping; (c) EDS: oxygen mapping; (d) STEM and EELS landscape.
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3.3.4. DSC and TGA

An enhanced thermal stability of the nanocomposite with functionalized titania
nanofibers was observed compared to the nanocomposites with non-functionalized
nanofibers using both DSC and TGA. As shown in Table 3.1, the unfilled PMMA
exhibited a glass transition temperature (T,) at 106 °C, while the PMMA-functionalized
titania nanocomposites prepared by bulk polymerization exhibited elevated T, of 118 °C
at 3.0 wt% of the functionalized n-TiO, fiber. Strong interfacial bonding between the
functionalized nanofibers and polymer matrix leads to an increase of the T, by impeding

179,180

the chain flexibility.

Table 3.1. Thermal properties of n-TiO , fiber-PMMA composites.

T 40% wt. loss
Wt.% n-TiO; fiber (°O) (°O)
Func. Non-func. Func. Non-func.
0 106 106 355 355
3.0 118 90 362 358

Nanocomposites prepared with non-functionalized n-TiO, exhibited lower T, values than
that of nanocomposites with functionalized n-TiO;, due to the poor interfacial interaction
between non-functionalized n-TiO, and PMMA matrix. Furthermore, the nanocomposite
with 3.0 wt% non-functionalized nanofibers exhibits a lower T, than the unfilled PMMA.
This is probably due to the organophobic behavior of the non-functionalized titania,
which leads to the presence of free mobile regions at the interface, which enhances the

mobility of the bulk polymer chain.'™'
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3.3.5. Dynamic elastic properties

The elastic properties of polymer nanocomposites are greatly influenced by the adhesion
between the nanomaterial ceramic filler and the polymer matrix. Hence by measuring the
elastic properties, we can gain insight into the effect of both: a) the adhesion between the
n-TiO, and the PMMA matrix using methacrylic acid, and b) the morphological effect of
nanofiber compared to nanosphere structure. Ultrasonic techniques were used for this
testing which are well established methods to determine the dynamic properties of
viscoelastic and composite materials.'® This technique has proven to be more effective
than the traditional static test in assessing and comparing materials that show viscoelastic
behavior under load.'™  Static testing focuses only on the elastic component of the
material. Dynamic testing on the other hand, can determine both the elastic and viscous
response of the samples, and is very sensitive to structural differences within ceramic-

21182 The TiO,-PMMA nanocomposite samples with various

polymer composites.
amounts of functionalized and non-functionalized nanofillers from 0 to 15wt% prepared
by bulk polymerization were evaluated for their dynamic elastic moduli. Figure 3.9(a)
shows that the dynamic Young’s moduli ranged from 5.1 to 7.8 GPa for the
functionalized nanofibers, and 5.1 to 6.7 GPa for the non-functionalized nanofibers. The
functionalized commercial nanospheres gave dynamic Young’s moduli ranging from 5.1
to 6.9 GPa, which are not significantly different from those of the non-functionalized
nanofibers at P<(0.001. The non-functionalized nanospheres had the poorest Young’s
moduli, ranging from 5.1 to 6.3 GPa. As shown in Figure 3.9(b), essentially identical

behavior was observed for the dynamic Shear modulus for the effect of n-TiO, in the

PMMA nanocomposites.
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Figure 3.9: Mechanical properties: (a) dynamic Young’s modulus versus weight percentage of the n-
TiO, ; (b) dynamic Shear modulus versus weight percentage of the n-TiO, .

The mechanical properties of nanocomposites largely depend on the external load transfer

between the reinforcing nanofiller phase and the matrix.'**'%*

Hence, these results show
that the chemical bonding between the functionalized titania nanofibers and the PMMA
matrix produced significantly higher values (P<0.001) of dynamic elastic moduli
compared to the composites with non-functionalized titania nanofibers. This further
illustrates the strong adhesion between the functionalized nanofibers and surrounding
polymer matrix in allowing an external load to be effectively transferred to the nanofibers
from the polymer matrix.'"™ As well, by comparing the morphological effect of the
nanofiller on the mechanical performance of the nanocomposites, it is observed that the
TiO, nanofibers are better reinforcers than nanospheres. Even though the nanofibers were

found to partially break during polymerization, they provide higher aspect ratios, which

are known to provide superior properties.'™*
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As titania is an established radiopaque material’’, the resulting nanocomposites
containing functionalized n-TiO, would exhibit unique combination of radiopacity and
mechanical stability when applied as a bone cement. Our resulting nanocomposites
exhibited some superior mechanical properties to the other PMMA-based composite

. o . 97,154,162
cements containing titania particles, " ™"

although our data could not be directly
compared with the others, as the method of measurement reported by them was different.
It was reported that an increasing trend in mechanical properties was observed as the
filler size in PMMA-based composite cements decreased and as the filler morphology

3,185
became fibered.™

Therefore, this study demonstrated a novel technique to reinforce
PMMA based composites with functionalized n-TiO, justifying its potential application
to develop nanocomposite bone cement.

3.4.Conclusion

TiO,-PMMA nanocomposites with chemical bonding between the n-TiO, and polymer
matrix, were synthesized for the first time using the coupling agent MA. The coordination
of methacrylic acid to the n-TiO, was confirmed by IR spectra and partitioning
experiments in monomer-water bilayers. An excellent distribution of the n-TiO, in the
polymer matrix was observed from room temperature bulk polymerization, and the
distribution of the filler in the polymer was poor for heated suspension polymerization.
Electron microscopy results showed breaking down of the n-TiO, fiber bundles into
smaller sizes during synthesis of the composite while thermal analysis showed enhanced
thermal stability and increased T, of the nanocomposites with functionalized n-TiO,

fibers. Using an ultrasonic technique for measuring dynamic elastic properties, the

composites with functionalized n-TiO, fibers exhibited significantly higher elastic moduli
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than those with non-functionalized fibers at P<0.001. The nanofiber structure provided
higher elastic properties in the PMMA matrix than those prepared using a commercial
spherical structure. This study inspired us to evaluate the effect of the functionalized
titania nanofibers and nanotubes in PMMA matrix focusing its application as bone

cements which are described in the following two chapters.
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Chapter 4: Preparation and characterization of PMMA based

composites reinforced with titania nanofibers

This chapter describes the effect of functionalized titania nanofibers on the physical and
mechanical properties of TiO,-PMMA nanocomposites for its potential application as a
bone cement. Part of this chapter is reproduced from an article submitted to Composite
Science and Technology with the title: “Thermal and Mechanical Properties of PMMA
Composites Reinforced with Functionalized Titania Nanofibers

Novel nanostructured n-TiO, fibers were incorporated into a PMMA matrix as a
reinforcing phase. The hydrophilic nature of the n-TiO, fibers was modified by varying
the functionalization of the n-TiO, fibers using controlled amounts of the bi-functional
monomer, MA. The effects of the varying extent of functionalization of the n-TiO, fibers
in the PMMA matrix were reflected by enhanced thermal and mechanical properties of
the TiO, nanocomposites. A control material was also synthesized consisting of unfilled
PMMA matrix. Another control material was prepared by incorporating 6 wt% BaSO4
particles in the same PMMA matrix to mimic commercial bone cement. From the studied
nanocomposites, an optimum composition of the n-TiO; fibers was found at 2 wt%
loading, which while functionalized at 10wt%, provided the nanocomposites with
significantly higher FS, FM and K;¢ values compared to the controls both in the dry and
wet conditions at P<0.05. Moreover, the functionalized n-TiO, fibers were found to
impose a minimal effect on the rheological behaviour of the curing polymer. However,
using standard medical X-ray radiography analysis, the TiO, nanocomposites exhibited

significantly lower levels of radiopacity (P<0.05) compared to the BaSO, composite.
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4.1. Introduction

PMMA based bone cements commercially used today are beset with a number of
limitations, the majority of which are imparted by its radiopacifying agents. As already
described in Chapter 1, these radiopacifiers are heavy metal salts that lead frequently to
degradation of the physical and mechanical properties of the cements because of their

poor wetting and dispersion in the organic matrix."'®!

Hence, there is an ongoing interest
for developoing novel radiopacifying agents that are compatible with the polymer matrix,
which can help to introduce radiopacity to the organic polymer without compromising its
mechanical properties.”'”

In this work we have used n-TiO, fibers as the reinforcing agent in the PMMA matrix

97,186,187
5% In order

which are biocompatible as well as possess a certain level of radiopacity.
to make the nanofibers compatible with the polymer matrix, they were functionalized in
accordance with the procedure described in chapter 3. In addition, the extent of
carboxylic functionalization on the surface of n-TiO, fiber was varied in this work by
controlling the surface charge of the n-TiO; fibers by controlling the pH of the reaction
medium. This takes advantage of the amphoteric nature of the hydroxo-complexes of
multivalent titanium (Ti'") cations which both show acidic and basic reactions in a

aqueous environment depending on the pH (Scheme 4.1)."

TFrOH+H,O (= [Ti-O] +H,0" {Basic reaction)
Ti-OH +H,0 ¢ [Ti-OH,]* + OH {Acidic reaction)

Scheme 4.1: Acidic and basic reaction of hydrated TiO, in aqueous environment
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There is a general agreement that titanium oxide surfaces show two kinds of hydroxide

P, - 188,189
groups: a more acidic type and a more basic type.

Therefore, the overall charge that
builds up at the surface depends on the pH of the aqueous solution. As a quantitative
measure, the isoelectric point (IEP) is often specified in this context. For TiO,, IEP values
between 5 and 6.7 have been reported.'*”"" below which the surface hydroxyl ion is

fairly positive to bind negative carboxylic ion of the MA (Figure 4.1)."**
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Figure 4.1: Concentration of charged and uncharged hydroxyl-related species at TiO,

surface as a function of the pH of the aqueous solution. (Ref.'®®)

Therefore, the functionalization reaction at different pH’s yields different extents of
functionalization.

The purpose of this study was to evaluate the physical and mechanical properties of
PMMA based composites reinforced with n-TiO, fibers having varying extents of
functionalization, and comparing them with composites reinforced with non-

functionalized n-TiO, fibers and commercially available BaSOj, particles.
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4.2. Experimental Details

4.2.1. Materials

TiO, nanofibers were synthesized using a direct sol-gel method in supercritical carbon
dioxide in accordance with the procedure described in Chapter 2.'*® For comparison
purposes, commercial radiopacifier BaSO, particles (99.5%, Sigma-Aldrich) were used
as received. 2-propanol, MA (99.99%, Sigma-Aldrich) and MMA monomer (95.9 wt %)
containing a butanediol dimethacrylate cross-linker (4 wt %) and activator (0.1 wt %)
were used as received (Ivoclar Vivadent). PMMA beads (99.2 wt %, Ivoclar Vivadent)
having an average particle diameter of 57.5 pm (as measured by laser diffraction using a
Malvern Mastersizer 2000) with a free radical initiator BPO (0.8 wt %) were used as
received.

4.2.2. Functionalization of n-TiO, fibers

The as-prepared n-TiO, fibers were calcined at 600°C for 2 hours in air to impart

! In order to functionalize the surface of the

crystallinity and thermodynamic stability.
nanofibers, 0.1 g of calcined n-TiO, powder was dispersed in 35 mL of 2-propanol with
the aid of ultrasonic agitation, followed by reacting with 3 mL of MA at 80-85 °C for 24
hours with constant stirring. The pH of the reaction medium was measured using a pH
meter (VWR SB301), with the initial pH value being 3.85. In order to increase the extent
of functionalization, the same reaction was carried out with the medium having pH 5.0,

5.5 and 6.0 adjusted by adding 0.3N potassium hydroxide solution dropwise to the

reaction mixture prior to the reaction.
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4.2.3. Preparation of n-TiO,-PMMA composites

TiO,-PMMA nanocomposites were prepared by a free-radical bulk polymerization
technique as described in Section 2.6.2 of Chapter 2. Nanocomposite specimens with 2, 4
and 6 wt% loading of functionalized and non-functionalized n-TiO, fibers with two
different extents of functionalization were prepared for evaluation of the mechanical
properties. Moreover, unfilled PMMA matrix and control specimens analogous to
commercial bone cement were prepared with 6wt% commercial BaSOy4 particles.

4.2.4. Characterization

Scanning electron microscopy (SEM) images were recorded using a LEO 1530
instrument without gold coating. Differential scanning calorimetry (DSC) analysis was
performed using a Mettler Toledo DSC822° (second heat, midpoint method) with a
temperature range from 25 to 150 °C at a heating rate of 10 °C/min under nitrogen
atmosphere. Thermogravimetric analysis (TGA) was performed using a Q500 TA
instrument from 25 to 600 °C at a heating rate of 20 °C/min under air and nitrogen
atmosphere for characterizing extent of functionalization of n-TiO; fibers and thermal
stability of the nanocomposites respectively.

Kjc of the nanocomposite specimens (loaded with 2, 4 and 6% of functionalized n-TiO,
fibers) was determined using the notchless triangular prism (NTP) method as described in
section 2.7.4.2 of Chapter 2. During specimen preparation, the functionalized n-TiO,
were dispersed in the liquid monomer portion by ultrasonic agitation for fifteen minutes,
followed by preparation of triangular prism specimens. Testing was performed with the

specimens both in the dry and wet conditions as described in Chapter 2.
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FS and FM of the nanocomposites were determined by the three point bending test as
described in section 2.7.4.1 of Chapter 2. The testing was conducted for specimens in the
wet condition as described in Chapter 2.

The complex viscosity of the n-TiO, fiber-PMMA composites (loaded with 2, and 6 wt%
functionalized and non-functionalized n-TiO; fibers separately) was measured with time
during the curing phase as evaluated using a theometer (AR 2000ex, TA instruments Ltd.
Delaware, USA), and as described in section 2.7.1 of Chapter 2 The measurements were
made at 25 + 1 °C. The onset time of viscosity increase and curing of the setting cement
were determined from the complex viscosity-versus-time curves.

The radiopacity of the nanocomposites based on both 2 and 6wt% loading of the
functionalized n-TiO, fibers as well as the unfilled PMMA and composites reinforced
with 6 wt% BaSO,4 were evaluated and expressed in terms of equivalent aluminum (Al)
thickness according to the method described in section 2.7.3 of Chapter 2. For
comparison purpose, and also to verify the evaluation method of radiopacity, specimens
of bovine trabecular and cortical bones as well as human dentine and enamel were
investigated with the experimental nanocomposites. From the Al step-wedge image, a
calibration curve relating the logarithm of %RGB vs the logarithm of Al thickness was

constructed (Figure 4.2).
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Figure 4.2. Calibration curve of % RGB versus Al thickness for measuring the radiopacity of n-TiO,-
PMMA composites.

The equivalent Al thickness (mm) for each group, which is a measure of the radiopacity
was calculated from the linear regression equation (R*=0.997) obtained from the
calibration curve as presented below:

log(%RGB) —1.683
0.430

log(Al) = 4.1)

4.3. Result and discussion

4.3.1. SEM

The physical morphology of the functionalized (two different extent) n-TiO, fibers and
commercial BaSO, particles used in this work are shown in Figure 4.3 a, b, c. These
micrographs show that the n-TiO, fibers, following different extents of functionalization,
preserve their fibrous shape. (Figure 4.3 a, b), while commercial BaSOy,, as received,

exhibits irregular shape morphology (Figure 4.3 ¢).
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Figure 4.3. SEM: (a) 2.9% functionalized n-TiQO, fibers; (b) 10% functionalized n-TiO, fibers and (c)
Commercial BaSO, particles; Size distribution of the n-TiO, fibers : (d) diameter and (e) length.

The size and length of the n-TiO, fibers were analyzed from the SEM images and
distributions of diameter and length were performed on the basis of 100+ n-TiO, fibers.
The distributions are shown in Figure 4.3 d and e, which represent the normal
distributions of both diameter and length with apparent average value of 12 nm and 2 pm
respectively.

The SEM images of the fracture surfaces of the nanocomposites loaded with 2 and 6 wt%
functionalized n-TiO, fibers with 10 wt% functionalization and control matrix with
unfilled PMMA and 6 wt% BaSOQ, particles are shown in Figure 4.4. As shown in Figure
4.4 a, the unfilled PMMA matrix has smooth fracture surface without any filler in the
matrix. On the other hand, the functionalized n-TiO, fibers when applied at 2 wt%

loading exhibit strong adhesion with the polymer matrix, as reflected from their uniform
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delamination at the fracture surface (Figure 4.4 b). A significant number of fibers are also
observed in the figure bridging the cracks providing additional reinforcement. However,
the BaSOy particles are loosely embedded in the matrix and surrounded by a number of

unbridged pores (Figure 4.4 d).

Figure 4.4. SEM of fracture surfaces: (a) Unfillled PMMA; (b) 2 wt% n-TiO, fibers-PMMA ; (c) 6
wt% n-TiO, fibers-PMMA and (d) 6 wt% BaSO,-PMMA

Functionalization provides organophilicity to the n-TiO, fibers which resulted in strong
adhesion of the nanofibers to the PMMA matrix while the BaSO, particles exhibited only
a weak adhesion to the matrix. However, at 6 wt% loading, the functionalized n-TiO,
fibers undergo agglomeration within the matrix (Figure 4.4 ¢).

4.3.2. TGA

The extent of functionalization of n-TiO, fibers was measured by TGA with Figure 4.5

showing the thermal weight loss of both nonfunctionalized and functionalized n-TiO,
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fibers. It can be seen that the nonfunctionalized n-TiO, fibers did not show any
significant weight loss, while the functionalized n-TiO; fibers exhibited 2.9, 5.9, 8.5 and
10 % weight loss in the temperature range of 355 to 455 °C. This increasing weight loss
corresponds to the increased amount of bonded carboxylic groups to the titania

193.19 and these weight losses occurred with the pH of the reaction medium 3.85,

surface,
6.0, 5.0 and 5.5 respectively, hence determining their respective extents of
functionalization. However, the total weight loss from the functionalized n-TiO, fibers as
shown in the TGA analysis was higher than the extent of functionalization. This might be

due to the loss of adsorbed water and unreacted methacrylic acid from the functionalized

n-TiO, surface.
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Figure 4.5. TGA curves of the non-functionalized and functionalized n-TiO, fibers

The carboxyl groups of the methacrylic acid attach to the surface of the n-TiO, fibers
both by carboxylic coordination with the Ti ions and by electrostatic bonding with the

surface OH" which predominates in acidic solution. Furthermore, dissociation of the

195

carboxylic ions of the methacrylic acid increases with increasing pH of the media ™ from
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3.85 to 5.5. Functionalization at pH 6.0 starts decreasing, which might partly be caused

by the negative surface charge on the n-TiO, fibers over the [EP'®®

and partly caused by
the reaction of carboxylate ions with K™ ions.'” pH 5.5 was found to provide the
maximum extent of functionalization among these four different pH values, which may
be attributed to the optimum combination of surface charge on titania and the amount of
dissociated carboxylate ions in solution.

Figure 4.6 displays the TGA and DTG curves for unfilled PMMA matrix and for
nanocomposites reinforced with 2wt% n-TiO, fibers functionalized with 2.9 and 10 wt%
carboxylic groups (as measured by TGA). The effect of the extent of functionalization of
the nanofibers on the nanocomposites can be observed by the enhanced thermal stability
of the nanocomposites reinforced with identical loading of nanofibers. The increased
extent of functionalization on the n-TiO; fibers allows a higher number of polymer chains

to be grown from the surface during polymerization, resulting in an increased thermal

degradation temperature for the nanocomposite.*’
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Figure 4.6. Thermogravimetric Analysis: study the degradation temperature of nanocomposites with
2wt% loading of nanofiber having different extent of functionalization.

As shown in Figure 4.6, the onset of thermal degradation increases with the extent of
functionalization of the nanofibers incorporated in the PMMA matrix. The figure shows
that the unfilled PMMA matrix and both the nanocomposites with different extents of
functionalized nanofibers appear to have three degradation steps. The first two
degradation steps have similar onset temperatures at 200 and 290 °C, which are generally
attributed to the depolymerization initiated from the weak H-H linkages and the end-
initiated depolymerization from the unsaturated vinyl ends, respectively.194 The third
peak as shown from the DTG curve in Figure 4.6 corresponds to the random internal

scission of the polymer chains chemically attached to the titania surface.'”>'**

For the
nanocomposites reinforced with 2 wt% nanofibers, the onset of degradation of the
polymer matrix and the temperature for 40% weight loss are increased by 7 and 5 °C

respectively, while the extent of functionalization of the nanofibers increased from 2.9 to

10 wt%. The higher thermal dissociation temperature revealed from the TGA results of
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the nanocomposites reinforced with nanofibers having 10 wt% functionalization is
attributed to the excellent interaction of the higher number of polymer chains to the
titania surface.”

4.3.3. DSC

An enhanced thermal stability of the nanocomposites reinforced with nanofibers having
10 wt% functionalization compared to the nanocomposites with 2.9 wt%
functionalization was also observed using DSC analysis. Table 4.1 shows that the
nanocomposites reinforced with 2 wt% nanofibers functionalized with 2.9 wt%
carboxylic groups exhibits a glass transition temperature ( 7, ) of 111 °C, while
nanofibers with 10 wt% functionalization provide the nanocomposites with an enhanced

T, of 117 °C when loaded at 2wt%.

Table 4.1. Glass transition temperature of the composites reinforced with n-TiO, fibers with different
extent of functionalizations.

Wt % n-TiO, Glass transition temperature T, ( 'C)

fibers Non- 2.9 wit% 10 wi%
functionalized functionalized functionalized

0 106 106 106

2 90 111 117

As shown in Table 4.1, the thermal stability in terms of glass transition temperatures (Ty)
of the nanocomposites also increases with the extent of functionalization of the
nanofillers. Strong interfacial bonding between the nanofibers and polymer chains led to
an increase of the 7, by impeding chain flexibility.”* On the other hand, nanocomposites
reinforced with 2 wt% non-functionalized n-TiO, fibers exhibits lower T, than that of

unfilled PMMA matrix, which is probably due to the presence of voids around the n-TiO,
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fiber/matrix interfacial area. These voids provide free mobile region for the polymer
chains and results in the low T, values of the composites.'*'

4.3.4. Dynamic Young’s Modulus

The enhanced interaction and strong adhesion between the functionalized n-TiO, fibers
and PMMA matrix with a higher extent of functionalization was also confirmed by
evaluating the values of dynamic young’s moduli using the non-destructive ultrasonic
pulse method. As shown in Table 4.2, the nanocomposite with n-TiO, fibers having
10wt% functionalization exhibits the highest modulus (7.22 GPa) which is significantly
higher than that with non-functionalized (6.15 GPa) and 2.9 wt% functionalized n-TiO,

fibers (6.62 GPa) at P<0.05.

Table 4.2. Dynamic Youngs Moduli of the composites reinforced with n-TiO, fibers with different
extent of functionalizations.

Dynamic Young's Modulus (GPa)

Wt % n-TiO.fibers  Non- 2.9 wt% 10 wi%
functionalized functionalized functicnalized
0 6.05+0.17 6.05+017 6.05 +0.17
2 6.15 + 0.08* 6.62 +0.10° 7.22+0.11°

Mean + 2S5E, P<0.05

The ultrasonic pulse technique applies ultrasonic vibration through the test specimen with
high frequency and measures the velocity of the vibration of the traveling longitudinal
and transverse waves. The elastic modulus of the materials is inversely related with the
velocity of the ultrasonic wave through the materials.'”® Nanocomposites with enhanced
interaction and strong adhesion between the nanofillers and matrix are capable of
allowing external strain through the fillers to the matrix more rapidly than those having

20,21

weaker interactions. Therefore, the higher magnitude of Young’s moduli reflects the
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stronger adhesion between the n-TiO; fibers and PMMA matrix with a higher extent of
functionalization.

4.3.5. Fracture Toughness

Figure 4.7 a shows the Kjc values of the composites reinforced with 6wt% BaSO,4 and
nanocomposites with 2, 4 and 6 wt% of n-TiOfibers having different extents of

functionalization, as well as the unfilled PMMA matrix in dry condition.

{b)

{a)

6wt%h BaS0,

6wi% BaS0,

6wi% n-Ti0, fiber,nonfunctionalized

6wi% n-TiO, fiber, 2.9Wt% func. 2wt n-TiO, fiber, nonfunc.

2wt% n- Ti0, fiber, nonfunctionalized 8wt n-TiO, fiber, 2.8wt% func.
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Figure 4.7. Fracture toughness of composites reinforced with n-TiO,fibers and BaSO, (a) dry
condition and (b) wet condition (a solid line connects those values which are not significantly
different at P=0.05)

Nanocomposites reinforced with 2wt% n-TiO, fibers having 10wt% functionalization
exhibit significantly higher values of fracture toughness amongst all other composites and
the unfilled matrix at 95% level of confidence. Figure 4.7 b shows the Kjc of the
composites reinforced with 6wt% BaSO,4 and nanocomposites with 2, 4 and 6 wt% of n-
Ti0, fibers having different extents of functionalizations as well as the unfilled PMMA

matrix in the wet condition. Figure 4.8 shows the comparative study of the Kjc of the

14
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nanocomposites between dry and wet conditions at 2wt% filler loading. As shown in the
figure, all the composites exhibit statistically significant difference in fracture toughness
between the dry and wet conditions except the one with 2wt% n-TiO, fibers having

10wt% functionalization.

6wt% BaS0, wet

6wt% BasSo, dry

2wt% n-TiO, fiber, nonfunc. wet
2wt% n-TiO, fiber, 2.9wt% functionalized wet

2wt% n-TiO, fiber, nonfuncticnalized dry

2wt% n-TiQ, fiber, 2.9wt% functionalized dry

2wt% n-TiQ, fiker, 10wt% functionalized wet

2wt% n-TiO, fiber, 10wt% functionalized dry

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Fracture Toughness (MPa.m'2 £ 2SE)

Figure 4.8. Fracture toughness of nanocomposites at 2wt% filler loading both in dry and wet
conditions (P=0.05).

The Kjc of a material is defined by the ability of the material containing a crack to resist
fracture, and in the case of bone cements this parameter reflects the reliability and defects

tolerance capability of the cement."’

Hence, Kjc is a very important property for
experimental bone cements which is also affected by the morphology, dispersion and
extent of functionalization of its radiopacifying fillers.>'”® As shown in Figure 4.7 a,

composite with 6wt% BaSO, exhibits significantly lower Kjc values compared to all

other composites with functionalized nanofibers and also the unfilled PMMA matrix at
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P<0.05. As reflecting from the highly magnified SEM of the fracture surface (Figure 4.9
b) there is a clear appearance of the smooth BaSQOy, particles protruding above the fracture
surface without having any polymer matrix attached to them. This is a clear sign that the
interfacial strength (adhesion) between the BaSO, particles and the matrix is poor, which
accelerates debonding of the particles during tensile loading. This debonding with

particle/matrix separation causes the generation of microvoids within the cement matrix.

Figure 4.9. SEM with high magnification of the fracture surfaces of 2% n-TiO, fiber-PMMA in dry
condition (a) and in wet condition (c); 6% BaSO,PMMA in dry condition (b) and in wet condition

(d).

These microvoids act as stress concentrators and therefore, initiate local yielding
processes during tensile loading on the cement which consequently results in the
coalescence of the microvoids among themselves. Hence, the initial crack accelerates the

crack propagation through the specimens.>'**2% This is why the composite with 6wt%
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BaSO, exhibits statistically significant inferior Kjc values compared to the
nanocomposites with functionalized nanofibers. Porosity reduction within the cement
matrix minimizes the sites for crack propagation during tensile loading when measuring
Kjc. Functionalized n-TiO, fibers develop improved adhesion with the PMMA matrix by
chemical bonding which results in a lower number of pores generated within the matrix
with an increase in Kjc. As shown in Figure 4.7 a, composites with 2wt% n-TiO, fibers
having 10wt% functionalization exhibit higher values of fracture toughness, attributed to
the enhanced interfacial bonding and strong adhesion between the nano-inclusion and
polymer matrix. This strong interfacial interactions reduce the possibility of formation of
voids in the interfacial area compared the composite with 6wt% BaSOj,, hence, take part
in increasing the Kjc of the resulting composites by minimizing the sites for local stress

199.200 1 addition, the functionalized n-TiO, fibers

concentrations during tensile loading.
are shown to bridge the cracks on the way of propagation of the crack and provide
additional increase in Kjc values of the resulting composites by delaying or resisting the

201,202

crack (Figure 4.9 a). Moreover in Figure 4.9 a, n-TiO; fibers are shown to contain

some polymer on its surface attributing to the strong interfacial bond of the polymer with
the fibers.

From the wet test data as shown in Figure 4.7 b, the Kjc value of the unfilled PMMA
matrix does not change in the wet condition because of the hydrophobicity of the net
polymer matrix.’’ But in the case of the composites containing n-TiO, fibers and BaSO,,
the decrease in the Kjc values in the wet condition is due to the hydrophilic nature of the
fillers which facilitates the absorption of water. As shown in Table 4.3, the composite

with 6 wt% BaSO, exhibits the highest amount of water absorption.
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Table 4.3. Percentage water uptake by the composites reinforced with n-TiO, fibers and BaSO,
particles.

Composites Water uptake (%)
Unfilled PMMA 1.4 +1.04%
2% n-TiO; fiber (10% functionalized)-PMMA 1.49 + 0.46°
6% n-TiO, fiber (10% functionalized)-PMMA 2.05+1.2°
2% n-TiO, fiber (2.9% functionalized)-PMMA 2.04 +0.25°
6% n-TiO, fiber (2.9% functionalized)-PMMA 3.46 +0.33°
2% n-TiO; fiber (non- functionalized)-PMMA 3.42 £ 0.54°
6% n-TiO; fiber (non- functionalized)-PMMA 3.78 +0.32¢
6% BaS0O4-PMMA 4,02 +0.19°

Mean £ 2SE, P<0.05

This enhanced water absorption is due to the hydrophilic nature of BaSO,4 as well as the
dense loading of these polar salts which allows access of the soaking medium into the
inner layer of the sample. This leads to the creation of pores which act as stress
concentrators during tensile loading.”’ Being organophilic in nature, functionalized n-
Ti0, fibers provide strong adhesion with the PMMA matrix which allows only a very
small amount of water absorption. However, at higher loading of n-Ti10O; fibers there is an
appreciable amount of water uptake due to the spatial proximity of the nanofibers, as well
as agglomeration of the nanofibers within the matrix.

Absorbed water in the cement specimen should provide a plasticizing effect which
increases the toughness of the materials. However, we have performed the test at room
temperature keeping the wet test specimen in the dry state, which allows the entrapped
water to dry, leaving channels within the specimen (Figure 4.9 ¢ and d).

From the comparative study of the fracture toughness of composites both in the dry and
wet condition (Figure 4.8), the nanocomposite with functionalized nanofibers retains its

fracture toughness in the dry condition after submersion in water for one week. This is
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due to poor water uptake by the specimen resulting from the stronger and higher
interfacial bonding between the 10wt% functionalized fibers and polymer matrix.

4.3.6. Flexural strength and modulus

Figure 4.10 compares the FS (a) and FM (b) of the composites reinforced with 6wt%
BaSO, and nanocomposites with 2, and 6 wt% of n-TiO; fibers having different extents
of functionalization in the wet condition. The nanocomposite reinforced with 2 wt% n-
TiO; fibers having 10% functionalization exhibited the highest FS and FM which is about
25 and 96% higher respectively than both the unfilled PMMA matrix and composite with
6 wt% BaSO, particles. As mentioned in chapter 2, flexural force subjects the interface to
a complex mixture of tension, compression and shear with the convex surface under
tension, the concave surface under compression, and the central regions under shearing

16,203

stresses. FS and FM of the reinforced composites are mainly influenced by the

transfer of applied load from the matrix to the filler.

ib)

Unfilled

Unfilled
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Flexural Strength (MPa % 2SE) Flexural Modulus (GPa % 2SE)

Figure 4.10: Flexural properties of composites reinforced with n-TiO, fibers and BaSO, particles in
the wet condition: (a) Flexural strength and (b) Flexural modulus. (A solid line connects those values
which are not significantly different at P=0.05)
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The effectiveness of load transfer is controlled by a number of factors such as distribution
and orientation of fillers within the matrix and most importantly the interfacial shear
strength between the fillers and matrix. In a setting polymer system like acrylic bone
cement, the interfacial shear strength is controlled to a great extent by chemical bonding

204

between the fibers and the matrix.” In the case of one dimensional nano-fillers (such as

nanofibers), the load is transferred from the matrix to the filler via the interfacial shear

2% With a higher extent of functionalization, the n-TiO,

stresses between the two phases.
fibers establish enhanced chemical bonds with the matrix which provides stronger
interfacial shear strength between the fillers and matrix, allowing the flexural stress to be

206207 Therefore, the flexural

transferred effectively from matrix to fillers and vice versa.
properties of composites increase with an increase in the functionalization of the n-TiO,
fibers at 2wt% loading in PMMA matrix. This is shown by Figure 4.11, in which the

representative force-deflection curves are provided for the composites loaded with 2wt%

n-TiO; fibers having 0, 2.9 and 10wt% functionalization.



117

0.015
()

(b

0.01 4
(a)

Force (kN)

g

w‘m
T
e

0 05 1 15 2 25 3
Deflection (mm)

Figure 4.11: Representative force-deflection curves for the unfilled PMMA (a) and composites with
2wt% n-TiO, fibers with different extent of functionalization: nonfunctionalized (b), 2.9wt%
functionalized (c) and 10wt% functionalized (d).

The FS and FM values of these composites were calculated as described in Chapter 2.
The composites with 6wt% BaSO, exhibit a lower value of FS and FM which is due to
the poor interaction and weak adhesion of the particulate fillers with the matrix, due to an
absence of chemical bonding.”” Moreover, water diffusion through the matrix
accumulates at the interface causing deterioration of the flexural properties.””® However,
for composites with 6wt% functionalized n-Ti10, fibers, the flexural properties are weak
which is partly due to the agglomeration of n-TiO, fibers as shown in Figure 4.4 c. As
well, any residual monomer from the higher monomer:polymer ratio may migrate toward
the fiber surface and weaken the interfacial shear strength between the nanofibers and
PMMA matrix.*”®

4.3.7. Rheology

Rheological properties of the PMMA based composite during its curing time are very

important as they characterize the flow and viscoelastic behaviour of the composite
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throughout the period of polymerization. Rheological properties of curing cement are
usually evaluated in terms of the change in complex viscosity as a function of time.
Figure 4.12 shows the complex viscosity of unfilled PMMA as well as PMMA reinforced
with 2 and 6 wt% n-TiO; fibers, each functionalized and nonfunctionalized as a function
of time, one minute after the start of mixing at a temperature of 25 + 1 °C. As shown in
this figure, all the examined composites exhibit three distinct phases in the traces of
complex viscosity versus time. There is an initial increase in viscosity which is followed
by a plateau and then a final rapid increase in viscosity. The initial viscosity increase is
due to the swelling and dissolution of the PMMA beads in liquid monomer, while the
final rapid increase in viscosity is due to polymer formation through polymerization of
the monomer. “*'** At the final stage of plateau, the viscosity of the nanocomposites is

the highest and the material is essentially fully cured.”
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Figure 4.12: Viscosity during setting of PMMA composites.



119

There are two important rheological or flow characteristics that can be obtained from the
complex viscosity-time curves: 1) the onset time t,ps, is the time for the PMMA beads to
dissolve and swell in monomer controlling the viscosity increase, which can be calculated
as the time at which the intersection between the linear fits of the initial and final stages
of the complex viscosity is produced, and 2) the time when the cement mass reaches the
plateau of the highest viscosity, called the curing time, tcure.133’134’209 As shown in Figure
4.12, the unfilled PMMA exhibits the highest initial viscosity and reaches the final
plateau faster than for any of the composites, while the viscosity of the reinforced PMMA
decreases with increasing incorporation of n-TiO, fibers. With the incorporation of n-
TiO, fibers in the PMMA matrix, the polymer to liquid monomer ratio (P/M) of the
composites decreases in order to maintain a fixed ratio of powder (prepolymerized beads
+ n-TiO; fibers) to liquid, which leads to a proportionate reduction of the amount BPO in
the powder part. Therefore, incorporation of n-TiO, fibers contributes to the presence of
residual monomer which leads to the initial lower viscosity and elongated t,ns and teyre of

the reinforced PMMA as listed in Table 4.4.%>"

Table 4.4. t,,s and t . of the unfilled PMMA and the n-TiO, fiber-PMMA composites.

MNanocomposite Composition tans (min) teure (MiN)
Unfilled PMMA 10.00 + 0.02" 12.00 +0.04"
2% functionalized n-TiO, fiber- PMMA 10.67 + 0.04" 12.36 +0.02"
2% nonfunctionalized n-TiO, fiber-PMMA ~ 11.33 £0.02° 12.867 £ 0.04°
8% functionalized n-TiOx fiber- PMMA 12.33 £+ 0.02" 15.00 + 0.04"

8% nonfunctionalized n-TiO, fiber-PMMA ~ 13.33 £ 0.04° 15.33 £ 0.04°
Mean + 25E, P<0.05

With the same percentage loading, the non-functionalized n-TiO, fiber provides longer

tons and teyre to the PMMA matrix when compared to that provided by the functionalized
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(10wt%) n-TiO, fibers as revealed from Table 4.4. Functionalization provides
compatibility to the n-TiO, fiber surfaces with the liquid monomer. This enhanced
compatibility reduces the amount of MMA required to achieve sufficient wetting of the
fillers, so the mixing step is faster and thus the t, is significantly reduced with respect to
the composites with non-functionalized n-TiO, fibers at P<0.05.2'° In addition,
functionalized n-TiO, fibers may provide more reactive sites and establish strong
adhesion with the growing polymer chains during polymerization which leads to the

higher observed final viscosity and shorter t.. of the curing composites.m’2 12

Moreover,
non-functionalized n-TiO, fibers when loaded at higher wt.%, facilitate pore formation
within the matrix resulting from the poor interfacial adhesion with the matrix. Air or
oxygen entrapped within these pores may inhibit the polymerization of monomer. This
results in the presence of more unreacted monomer which contributes to the elongated tops
and te for these composites.”’>*'* As studied by W. Bonfield er al.*'®, the increase in
residual monomer with percentage loading of functionalized and non-functionalized n-
TiO, fibers can also be evidenced by the FTIR spectra of the surface of the curing
composites at 10 and 12 minutes after mixing, which is shown in Figure 4.13. The
residual monomer is shown by the absorption peak at 1637 cm™, confirming the presence
of the C=C bond of the unreacted MMA.*'>*!® As shown in this figure, the liquid MMA

exhibits the highest peak at 1637 cm™ showing the presence of the unsaturated C=C

bond.
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Figure 4.13. IR spectra of different composites to monitor the unreacted monomer with different
time: (a) after 10 minutes and (b) after 12 minutes.

After 10 minutes of mixing time, the unfilled PMMA matrix reaches the onset stage for
viscosity increase with the initiation of the polymerization reaction (Figure 4.13 and
Table 4.4), while the other composites remain in the wetting phase resulting from the
decreased P/M ratio. This is why the unfilled PMMA shows a comparatively lower
absorption peak than the other composites at 1637 cm’! (Figure 4.13 a). On the other
hand, unfilled PMMA reaches its curing stage after 12 minutes, while composites with 2
% functionalized and non-functionalized n-TiO, fibers remain in the polymerization stage
(Table 4.4). Hence, all of these composites exhibit a much lower amount of residual
MMA compared to that measured after 10 minutes. However, the composites with 6wt%
functionalized and non-functionalized n-TiO, fibers exhibit a substantial amount of
unreacted C=C after 12 minutes, as they are still in the wetting phase at this time (Table
4.4). One of the limitations of this experimental technique is that it measures the amount

of unreacted monomer from the surface of the sample only, and not in the bulk of the

1650
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material. However, it provides a qualitative indication of the residual monomer in the
composites.*"

4.3.8. Radiopacity

In order to evaluate the efficacy of the n-TiO; fiber-PMMA composites as bone cement,
the radiopacity of the composites was measured. The radiopacity values in Al equivalent
of 1mm specimen thickness for all composites, as well as human dentine and enamel, and

bovine cortical and trabecular bones are presented in Figure 4.14.
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Figure 4.14: (a) X-ray image of different composites and (b) Radiopacity of different composites
expressed in terms of equivalent Al thickness (P=0.05).

The statistical rank order test was able to separate the eight different materials into four
significant groups at P=0.05. The radiopacity values for human enamel and dentine were
around 2 and Imm respectively, agreeing previously published values.”’*!” There was no
significant difference between the radiopacity values for bovine cortical bone and human

dentine at P=0.05. Similarly, there was no significant difference between bovine
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trabecular bone and composite containing 6wt% commercial BaSO, at P=0.05. It can also
be seen that unfilled PMMA and nanocomposites reinforced with 2wt% and 6wt% TiO,
were not significantly different (P=0.05) and exhibited the lowest level of radiopacity
amongst the groups.

The radiopacity of an atom depends on its capacity of attenuating the array of X-ray
photons via the photoelectric effect. As mentioned in equation (2.17), the degree of X-ray
attenuation is influenced by the density of the atoms as well as the energy of the X-ray

29,138

photons. X-ray photons can be readily attenuated by an atom when its energy is close

to the energy necessary to lift a K-electron from the atom.**'?**!®

The energy necessary
to lift a K-electron is often called the K-edge energy and is specific for each atomic
species,””® i.e. 4.9 keV for Ti and 37.4 keV for Ba."***"” The energy distribution used in
this work gives rise to a peak of photons with energies at about 30 keV, hence being
closer to the K-edge energy of Ba than Ti. To obtain maximum attenuation or maximum
radiopacity, a tube voltage setting of below 30 kV would be necessary in the case of
TiO,. This is much lower than the voltage normally used in medical radiology, and
explains why barium sulfate is more radiopaque than TiO, at the voltages normally
employed. Conversely, using the same X-ray source, the radiopacity of the
nanocomposites can be noticeably increased by incorporating the n-TiO, fibers at high
%Iloading, e.g. over 6wt%. However, this higher amount of loading would impose a
negative effect on its mechanical and rheological properties.

4.4. Conclusion

n-TiO; fibers were successfully incorporated into the PMMA matrix as reinforcing agents

to produce nanocomposites. Nanofibers with higher extents of functionalization
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established stronger interfacial adhesion with the polymer matrix, which was confirmed
by the microscopic analysis of the fracture surfaces of the nanocomposites. The firm
interfacial shear strength was also been confirmed by thermogravimetric, glass transition
temperature and dynamic Young’s modulus analyses of the produced nanocomposites.
The effect of the strong and enhanced interfacial adhesion between the nanofibers and
matrix on the bulk properties of the composites was studied in terms of the strength and
toughness of the resulting composites. It was found that 2wt% n-TiO, fibers with an
increased extent of functionalization (10wt %) provided the highest magnitude of K¢ and
FS, both in the dry and wet conditions. The handling characteristics of the
nanocomposites during its setting phase were also shown to be influenced by the
nanofibers with an enhancement of its curing time. However, with the optimum
incorporation (2wt %) of n-TiO, fibers, the nanocomposites did not exhibit sufficient

radiopacity with the standard X-ray exposure available for medical treatment.
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Chapter S: Preparation and characterization of PMMA based

composites reinforced with titania nanotubes

This chapter describes the effect of nanosized titania tubes on the physical and
mechanical properties of poly(methyl methacrylate) (PMMA) for application as
orthopaedic bone cements. Part of this chapter has been reproduced from an article
submitted to Acta Biomateriallia with the title: “Synthesis and Characterization of
PMMA Based Composites Reinforced with TiO,-SrO Nanotubes.”

Nanostructured titania tubes (n-TiO, tube) were compatibilized with a PMMA matrix by
functionalization of the n-TiO, tubes using the bi-functional coupling agent, MA.
Functionalization was confirmed by IR analysis. Uniform dispersion of the rigid n-TiO,
tubes in the PMMA matrix was investigated by TEM analysis. Strong interfacial bonding
between the functionalized n-TiO, tubes and PMMA matrix was evidenced by an
increased thermal degradation temperature, glass transition temperature and dynamic
Young’s modulus of the resulting nanocomposites. Based on the determined mechanical
properties of resulting nanocomposites reinforced with 2, 4 and 6 wt% n-TiO, tubes, an
optimum condition was achieved at 2wt% loading, which provided a significant
enhancement of the Kjc (12%) and FS (15%) compared to that exhibited by the optimum
loading of n-TiO, fibers at P<0.05. Higher aspect ratios and the hollow tubular shape
allows the n-TiO; tubes to transfer the interfacial shear stress more effectively than using
n-TiO; fibers, making it an efficient reinforcing agent for the PMMA matrix. However,
while characterizing the bone cement, the resulting nanocomposites did not exhibit

sufficient radiopacity with the standard medical X-ray.
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5.1. Introduction
The deleterious effects imparted by inorganic X-contrast agents to clinical PMMA based
bone cements results from the poor wetting and weak interfacial bonding between these

inorganic fillers and the non-polar polymer matrix.'®**’

These lower properties facilitate
implant failure resulting from bone resorption, thus adversely affecting the clinical life of
the cemented arthroplasty.”***! As mentioned in Chapter 1, many studies have tried to
enhance the mechanical properties of bone cements by incorporating different additives.
However, the large size of the fillers, poor filler-bone cement matrix bonding (and
subsequent debonding), non-uniform filler material distribution, and function of the pores
as stress concentration sites are among the reasons why these efforts have been less than

ideally successful.”®**

Nanotechnology provides a new avenue to develop composites
with a combination of superior mechanical and physical properties. We have investigated
the reinforcing effect of nanostructured titania fibers on the PMMA matrix in Chapter 4,
achieving enhanced mechanical properties resulting from the strong interfacial adhesion
of functionalized n-TiO, fibers with the polymer matrix. This investigation inspired us to
incorporate nanostructured titania tubes having higher aspect ratios than the nanofibers
into the PMMA matrix. Moreover, the hollow structure of the nanotube provides
additional interlocking with the matrix through both the interior and exterior surfaces of
the tubes. In order to establish chemical bonds between the n-TiO, tubes and PMMA

matrix, we have functionalized the surface of the n-TiO, tube by following the techniques

as described in Chapters 3 and 4.
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5.2. Experimental Details

5.2.1. Materials

The n-TiO, tubes were synthesised using the alkaline hydrothermal technique in
accordance with the work studied by Kasuga er. al.'**** 2-propanol, MA (99.99%,
Sigma-Aldrich) and MMA monomer (95.9 wt %) containing a butanediol dimethacrylate
cross-linker (4 wt %) and activator (0.1 wt %) were used as received (Ivoclar Vivadent).
PMMA beads (99.2 wt %, Ivoclar Vivadent) having an average particle diameter of 57.5
um (as measured by laser diffraction using a Malvern Mastersizer 2000), an average
molecular weight of 207 kDa (as measured by gel permeation chromatography, see
appendix 2) with a free radical initiator BPO (0.8 wt %) were used as received.

5.2.2. Functionalization of n-TiO; tubes

The synthesised nanotubes as prepared by Kasuga et. al.'*’, was layered hydrogen titanate
having possible molecular structure of H,Ti307 or H,Ti,04(OH), as confirmed by other

224-226

researchers. The layered hydrogen titanate was converted to anatase TiO, with

tubular morphology after calcination in air at 400 °C.**7-***

In order to functionalize the surface of the n-TiO, tubes, 0.1 g of calcined powder was
dispersed in 35 mL of 2-propanol with the aid of ultrasonic agitation, followed by
reacting with 3 mL of MA at 80-85 °C for 24 hours with constant stirring. The reaction
was carried out at different pH’s of 5.0, 5.5 and 6.0 (as measured by pH meter UWR
SB301) adjusted by adding a few drops (5-12 drops) of potassium hydroxide solution (0.3

N) to the reaction mixture prior to the reaction, which yielded different extents of

functionalization.
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5.2.3. Preparation of n-TiO, tube-PMMA composites.

The nanocomposites were prepared by mixing the powder and liquid parts according to
the procedure described in Section 2.6.2 of Chapter 2. Nanocomposite specimens with 2,
4 and 6.0 wt% loading of functionalized nanotubes were prepared for determination of
the mechanical properties. Moreover, control specimens were prepared using the unfilled
PMMA.

5.2.4. Characterization of nanotubes and nanocomposites

The crystalline phase of the anatase n-TiO, tubes was examined by X-ray diffraction
(XRD, Rigaku-Geigerflex CN2029, Rigaku corp. Tokyo, Japan) utilizing CuKal + Ka2
radiation with a power of 40kVx35mA.

The functionalization of the n-TiO, tubes was investigated by Fourier transform infrared
spectroscopy (FTIR, Bruker IFS 55, Bruker Optic Inc. Ettlingen, Germany) using KBr
pellet form with an attached MCT detector.

The morphology of the functionalized n-TiO, tubes and the micrographs of the fracture
surfaces of the cements after fracture toughness testing were obtained using a scanning
electron microscope (SEM, LEO 1540XB, Zeiss, Oberkochen, Germany) at an
accelerating voltage of 1 kV. The microstructure of the functionalized n-TiO, tubes was
also confirmed by transmission electron microscope (TEM, Philip CM10, AMT digital
camera, Eindhoven, Netherlands) operated at an accelerating voltage of 100 kV.
Moreover, the diameter and length of the n-TiO, tubes were measured from the electron

micrographs using Image J software on the basis of a minimum of 100+ nanotubes.
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The extent of functionalization of the n-TiO, tubes was investigated by using TGA,
which was performed using a Q600 TA instrument (Delaware, USA) from 25 to 600 °C
at a heating rate of 20 °C/min under air.

The interfacial adhesion between the functionalized n-TiO, tubes and the polymer matrix
was also investigated by measuring the thermal degradation temperature of the resulting
nanocomposites using TGA in the Q600 TA instrument from 25 to 600 °C under nitrogen
atmosphere.

The interfacial bond strength was further tested by measuring the dynamic Young’s
modulus of the nanocomposite specimens by the ultrasonic pulse method as described in
Chapter 2.

Kjc of the nanocomposite specimens (loaded with 2, 4 and 6% of functionalized n-TiO,
tubes) was determined using the notchless triangular prism (NTP) method as described in
Chapter 2.

FS and FM of the nanocomposites were determined by the three point bending test as
described in Chapter 2.

The rheological behaviour of the n-TiO, tube-PMMA composites (loaded with 2 and 6
wt% functionalized and non-functionalized n-TiO; tubes) with time during the setting of
the composites was evaluated by a rheometer (AR 2000ex, TA instruments Ltd.
Delaware, USA), as described in Chapter 2.

The radiopacity of the nanocomposites based on 2 wt% loading of the functionalized n-
TiO, tubes were evaluated and expressed in terms of equivalent aluminum (Al) thickness
according to the method described in Chapter 2, with the calibration curve and regression

equation described in Chapter 4.
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5.3. Results and discussion

5.3.1. XRD and FTIR

The X-ray diffraction of the calcined hydrogen titanate nanotube is shown in Figure 5.1 a,
which represents the crystallinity of the product. The diffraction peaks correspond to the

226229 Therefore, it is obvious that, hydrogen titanate

anatase crystalline phase of TiO,.
converts to anatase TiO, after heat treatment at 400 °C. The FTIR spectra of the
functionalized TiO, is shown in Figure 1b, which exhibits several absorption peaks at
1547, 1442 and 1413cm™ which are due to the bidentate coordination between the

A2 There is also a peak at 1630 cm™,

titanium atom and the carboxylic group of M
which corresponds to the vinyl (C=C) bond of the MA. Moreover, the peak at 1344 cm™
is attribute to the alkyl group of the MA and the peak at 1709 cm™ is attributed to the

C=0 bond of the unreacted MA.
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Figure 5.1. (a) X-ray diffraction of n-TiO, tubes and (b) FTIR spectra of functionalized n-TiO, tubes.

Therefore, n-TiO; tubes became functionalized with methacrylic acid with its carboxylic
group co-ordinated to the titania surface, while its organofunctional group (C=C)

establishes covalent bond with the polymer chains during polymerization.
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5.3.2. SEM and TEM

The micrographs obtained by SEM and TEM exhibit the physical morphology of the
functionalized n-TiO, which are shown in Figure 5.2 a and b, respectively. These
micrographs show that the n-TiO, following functionalization preserve its hollow tubular
shape. Moreover, the statistical distribution of the diameter and length of the n-TiO,
tubes, as obtained by SEM, exhibit a normal behaviour with mean values of 8§ nm and

1.67 pm, respectively (Figure 5.2 ¢ and d).
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Figure 5.2. Electron microgrpahs of the functionalized n-TiO, tubes: (a) SEM (b) TEM; Size
distribution of the n-TiO, tubes: (c¢) diameter and (d) length.

Figure 5.3 displays additional electron micrographs showing the dispersion of the n-TiO,
tubes in the PMMA matrix (received after the K¢ test). The SEM of the fracture surface

of the composites reinforced with 2 and 6 wt% functionalized n-TiO, tubes as shown in
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Figure 5.3 a and b, reveals that the n-TiO, tubes when loaded at 2% disperse
homogeneously in the composite with strong adhesion with the matrix (Figure 5.3 a).
However, at 6wt% loading, the n-TiO, tubes agglomerate within the matrix (Figure 5.3
b). This behaviour can also be observed by the TEM images of the nanocomposites
reinforced with 2 and 6wt% functionalized n-TiO, tubes as shown in Figure 5.3 ¢ and d,

respectively, which were taken from the ultra-microtomed surface of the composites.

Figure 5.3. SEM of the fracture surfaces of PMMA matrix reinforced with: (a) 2 % functionalized n-
TiO, tubes and (b) 6% functionalized n-TiO, tubes; TEM of the microtomed slice of the PMMA
matrix reinforced with :(c) 2 % functionalized n-TiO, tubes and (d) 6% functionalized n-TiO, tubes.
The insets are the ones with higher magnification.
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53.3. TGA

The functionalization of the n-TiO, tubes was quantitatively evaluated by TGA as shown
in Figure 5.4 a. The non-functionalized n-TiO, tube sample showed negligible weight
loss, while the functionalized n-TiO, tubes exhibited 10 % weight loss in the temperature
range of 355 to 455 °C, corresponding to removal of the bonded carboxylic groups from
the titania surface.'”>'"*

TGA also provides an effective way to test the thermal stability of the material by

investigating the degradation (weight loss) of the material with temperature. %!

Figure
5.4 b shows the traces of weight loss and rate of weight loss (DTG) with temperature of
the unfilled PMMA matrix as well as the PMMA reinforced with 2 wt% non-
functionalized n-TiO, tubes and functionalized (10% functionalization) n-TiO, tubes. As
shown in the figure, the nanocomposites exhibit higher thermal stability compared to the
unfilled PMMA, which is revealed from the higher onset temperature of degradation of
the resulting composites. The DTG traces of both the unfilled matrix and the
nanocomposites show three peaks, amongst which the peak in the temperature range of
350-450 °C is attributed to the random scission of the long polymer chains entangled

. . 193,194
within the matrix. ™
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Figure 5.4. Thermogravimetric analysis: (a) Functionalized n-TiO, tubes and (b) Thermal
degradation of unfilled PMMA and n-TiO, tube-PMMA composites.

The average temperature of this degradation increased by 12 and 24 °C for the
composites reinforced with 2wt% non-functionalized and functionalized n-TiO, tubes,
respectively, compared to the unfilled matrix. High aspect ratios (L/D = 209) and hollow
tubular morphology allow the n-TiO; tubes to interact with the polymer chains through
physical interlocking providing a barrier effect to the polymer molecules evaporated
during the thermal degradation. In the case of functionalized n-TiO; tubes, this effect
becomes more pronounced as the functionalized n-TiO, tube establishes strong adhesion
with the polymer chains through chemical bonds. This additional bonding renders much
stronger hindrance to the polymer during degradation compared to that provided by the

20.230.231 Thagse TGA results reveal that functionalization

non-functionalized n-TiO, tubes.
provides stronger and enhanced interfacial adhesion between the n-TiO, tubes and matrix

which in turn leads to effective reinforcement of the composites.

Derivative wiS/"C
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5.3.4. Dynamic Young’s modulus

Non-destructive ultrasonic techniques as used to determine the dynamic elastic modulus
are an effective method to analyze the discontinuity within a material.”"'>* Thus, it
reflects the interfacial adhesion of the nanofillers with the matrix as well as the isotropy
of the composites.”>** As explained in Chapter 2, the ultrasonic pulse technique involves
the transmission of an ultrasonic wave within the test specimen, which propagates
through the vibration of the particles within the matrix. The faster the wave propagates,
the higher the value of dynamic elastic modulus of the composite. Strong interfacial
bonding between the filler and matrix provides strong adhesion allowing the effective
transfer of the interfacial shear strength from the fillers to the matrix and vice versa.”
The values of dynamic Young’s moduli of the unfilled PMMA as well as the PMMA
reinforced with 2 wt% of non-functionalized and functionalized n-Ti0, tubes are shown
in Table 5.1. Nanocomposites reinforced with functionalized n-TiO, tubes exhibits the
highest value of dynamic Young’s modulus, which is significantly higher than that
exhibited by the composites with non-functionalized n-TiO; tubes and unfilled PMMA at

P<0.05.

Table 5.1. Dynamic Youngs Moduli of the composites reinforced with non-functionalized and
functionalized n-TiO, tubes

Dynamic Young's Modulus (GPa)

Wit % n-TiOs tubes

Non-functionalized Functionalized
0 6.05 +£0.07 6.05 +0.07
2 6.5 +0.2° 7.55 + 0.08°

Mean + 2SE, P<(0.05
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Strong interfacial adhesion between the functionalized n-TiO, tubes and the PMMA
matrix allows the ultrasonic wave to propagate more effectively and faster than that
reinforced with non-functionalized n-T10O, tubes.

5.3.5. Fracture Toughness

As described in Chapter 4, Kjc is a very important material property, which reflects the
ability of the material to absorb fracture energy before breaking. Figure 5.5 shows the Kjc
of the PMMA based composites reinforced with 2, 4 and 6 wt% functionalized n-TiO;

tubes.

6% n-TiO,fiber, 10%functionalized

6% n-TiO,tube,10%functionalized

Unfilled PMMA

2% n-TiO,fiber, 10%functionalized

4% n-TiO,tube,10%functionalized
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Figure 5. 5. Fracture toughness of composites reinforced with n-TiO, tubes

For comparison purpose, the Kjc values of the nanocomposites with functionalized n-
Ti0, fibers as well as the unfilled PMMA are presented in the graph. It is clear from this
multiple comparative study that the nanocomposites with 2% functionalized n-T10, tubes

exhibit the highest K¢ value which is significantly higher than that exhibited by the
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nanocomposites with 2% n-TiO; fibers as well as the unfilled PMMA matrix at P<0.05.
However, the K¢ values start decreasing when the nanocomposite is loaded with 4 and
6% functionalized n-TiO, tubes, although the composite with 4% n-TiO, tubes possesses
substantially higher fracture toughness than the composites containing 2% n-TiO, fibers
and the unfilled PMMA. The fracture toughness is quantified in terms of the energy
absorbed per unit crack extension, and thus any process which absorbs energy at the
crack tip can give rise to an increase in toughness.” For a reinforced composite, this
process can be achieved by several options such as™*: 1) the use of tough matrices
including rubber toughened matrices, 2) the reduction of stress concentrating effect by
using a coupling agent between the filler and matrix that acts as an interlayer, 3) the use
of the fiber “pull out” phenomena where the fibrous/tubular fillers bridge the gap so that
work must be done to pull out the fibers out of the matrix, and 4) the use of a weak
interface between the filler and the matrix such that a crack blunting mechanism takes
place. The weakly bonded fibers are not capable to transfer the interfacial shear stress
within the composite, eventhough, they still take part in crack blunting and deviating
mechanism to increase the toughness of the material.>*>?* In the case of n-Ti0O, tube-
PMMA composites used in this work, toughness enhancement was achieved through the
second and third mechanisms described above. Functionalization allows the Ti atom to
form a reactive bridge with the PMMA matrix, which reduces the possibility of void
formation in the filler/matrix interfacial area. This minimizes the sites for local stress
concentration during tensile loading and therefore, takes part in increasing the Kjc of the

204

composite.” On the other hand, as shown in the SEM of the fracture surface obtained

from the K¢ test of the composites (Figure 5.6), there is a certain extent of nanotube
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“pull out” occuring within the fractured composites. This nanotube “pull out” effect may
significantly increase the work of fracture due to interfacial friction between the nanotube
and matrix resulting from the extra-ordinary high surface area of the nanotubes, and the

strong interfacial shear strength between the functionalized n-TiO; tubes and the PMMA

34

matrix.’

Figure 5.6. SEM of fracture surface showing the micro-mechanism of fracture toughness of PMMA
nanocomposites reinforced with 2% non-functionalized n-TiO, tubes (a) 2% functionalized n-TiO,
tubes (b) and 6% functionalized n-TiO, tubes (c); Crack bridgeing within the PMMA nanocomposite
reinforced with 2% functionalized n-TiO, tubes (d). (long arrow indicates polymer inside the tube
and short arrow indicates polymer outside the tube)

As studied by Fiedler B. et al.”*® the energy needed to pull out fibers of length, 1 and

radius, r over a unit area of fracture plane can be expressed as,
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V. ’r,
Gpullnut = T (5 1)

where, V¢ is volume fraction of fiber and 7, is the interfacial shear strength.

Functionalized n-TiO, tubes having high aspect ratio (I/2r = 209) establish strong
covalent bonds with the matrix, which is believed to increase the interfacial shear
strength between the n-Ti0, tube and PMMA matrix. This thereby increases the required
energy for pulling the n-TiO, tubes out of the fracture plane. Finally, these partially
pulled out n-TiO, tubes may take part in bridging the crack during crack propagation,
further increasing the Kic of the composite.”** This phenomena of increasing Kic is
pronounced in the case of nanocomposites reinforced with low percentage (2%) of n-
TiO; tubes which display a uniform dispersion of the nanofillers (Figure 5.6 a and b).
However, without having any chemical bond with the matrix, the non-functionalized n-
TiO, tubes seem to have very poor adhesion with the matrix and protrude out of the
fracture plane with a clean smooth surface as shown in Figure 5.6 a. The functionalized
n-TiO, tubes exhibit very strong adhesion with the matrix and the pulled out tubes
contain polymer on their surface as shown in Figure 5.6 b. Moreover, the partially pulled
out functionalized n-TiO, tubes are shown to bridge the crack (Figure 5.6 d), which
makes its role of enhancing the Kjc more pronounced. However, with higher loading of
n-TiO; tubes (e.g. 6%), there is also clear evidence of agglomeration of the n-TiO; tubes
(Figure 5.6 c¢) at the fracture plane which is associated with voids responsible for
accelerating the crack propagation through the local stress concentrators.’

5.3.6. Flexural Strength and Modulus

The values of FS and FM of the PMMA composites are shown in Figure 5.7 using a

multiple comparative study among the nanocomposites with functionalized n-TiO, tubes
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and fibers as well as the unfilled PMMA matrix at 95% level of confidence. As shown in
this figure, the composite with 2% functionalized n-TiO, tubes exhibits the higher
magnitude of FS and FM which is significantly higher than that exhibited by the
composite with 2% n-TiO; fibers having the same extent of functionalization as well as
the unfilled PMMA matrix at P<0.05.

(a) (b)

Unfilled PMMA Unfilled PMMA

6% n-TiOfiber,10% functionalized 6% n-TiO, fiber, 10%functionalized N

6% n-Ti0, tube,10% functionalized . . .
6% n-TiO,ntube, 10%functionalized

2% n-TiO, fiber, 10% functionalized . . .
2% n-TiO,fiber, 10%functionalized

2% n-TiO; tube, 10% functionalized

2% n-TiO, tube, 10%functionalized
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Figure 5.7. Flexural properties of PMMA composites reinforced with n-TiO, tubes: (a) Flexural
strength and (b) Flexural modulus.

As mentioned in Chapter 4, the flexural properties of the reinforced composites are
influenced mostly by the degree of interfacial adhesion and interaction between the filler
materials and matrix, which determines the effectiveness of the transfer of interfacial
shear stress from the filler to the matrix.***"" Having the same extent of
functionalization, it is assumed that the n-TiO; tubes and n-TiO, fibers establish the same
extent of chemical adhesion with the matrix. However, having a higher aspect ratio than
the nanofibers, the n-TiO; tubes provide additional physical interlocks with the polymer

chains. Moreover, the hollow and open-ended tubular structure (as confirmed by SEM

25
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and TEM images in Figure 5.2) may allow the monomer to enter into the tube due to

capillary suction which may subsequently polymerize inside the tube.**

This possible
phenomena is evidenced by the presence of solid polymer inside the n-TiO, tube as
shown by the SEM of the fracture surface of the nanocomposites (Figure 5.6 a and b).
This polymer entrapment may facilitate additional mechanical interlock through the
interior surface of the n-TiO, tubes. Therefore, the functionalized n-TiO, tubes are
capable of establishing an enhanced network with the polymer chains which is also
reflected from the higher thermal degradation temperature of the resulting composites
(Figure 5.4 b). The load transfer efficiency within the composites increases with a higher
degree of cross-linking and network formation. Hence, the nanocomposite containing the
functionalized n-TiO, tubes exhibits a substantially higher FS value with a similar

enhancement in FM, as also reflected from the typical load-deflection curves (Figure 5.8)

developed during the flexural test.
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Figure 5.8. Force-deflection curves for the PMMA composites produced in flexural test: (a) PMMA
composite reinforced with 2% functionalized n-TiO, tube, (b) PMMA composite reinforced with 2%
functionalized n-TiO, fibers and (c¢) unfilled PMMA.
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It is clear from the force-deflection curves that the nanocomposite with the n-TiO, tubes
requires a higher magnitude of load for similar amounts of deflection as compared with
the composite with n-TiO, fibers and unfilled PMMA, thus reflecting its superior FS. On
the other hand, the higher initial slope of the linear portion of the load-deflection curves
of the n-TiO; tube-reinforced composites accounts for its high FM value.

5.3.7. Rheology

Study of the rheology during curing time determines the flow properties of the setting
polymer nanocomposites, which plays a significant role determining the time for
insertion of the cement in the joint cavity and also the extent of penetration of the cement
into the porous cancellous bone. As reported in the previous chapter, a rheology study
was performed in terms of the change of complex viscosity with curing time. Figure 5.9
shows the complex viscosity of unfilled PMMA as well as PMMA reinforced with 2 and
6 wt% n-TiO; tubes, each functionalized and nonfunctionalized as a function of time, one
minute after the start of mixing, at a temperature of 25 + 1 °C. The rheological
parameters (tons and teye) as defined in the previous chapter were obtained from the

complex viscosity—time traces and are listed in Table 5.2.
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Figure 5.9. Viscosity during setting of PMMA and n-TiO, tube-PMMA at 25 °C.

The complex viscosity curves for the curing n-TiO, tube-PMMA composites exhibit a
similar pattern compared to the curing n-TiO; fiber-PMMA composites with two distinct
phases: 1) initial gradual increase in the viscosity followed by its final rapid increase, and
2) final plateau of the viscosity. Due to the decreased polymer to monomer ratio, the
initial viscosity of the n-TiO, tube-PMMA composites is lower than that of the unfilled
PMMA, which leads to the higher values of t,ns and ty of the composites as previously
explained in Chapter 4. Moreover, as in the case of n-TiO, fiber-PMMA composites, the
functionalized n-TiO, tubes provide higher extent of reactive sites (through its
functionalized outer and inner surfaces) compared to the non-functionalized tubes which
may increase the rate of the free radical polymerization reaction resulting in lower values

of tys and teyre.
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Table 5.2. t,,s and t,,.. of the unfilled PMMA and n-TiO, tube-PMMA at 25 °C.

Nanocomposite Composition tans (mMin) teure (MDY
Unfilled PMMA 10.00 £0.02°  12.00 £ 0.04"
2% functionalized n-TiOz tube-PNMMA 10.50 + 0.02° 12.25 + 0.03°
2% nonfunctionalized n-TiO, tube-PMMA 10.83 + 0.04° 12.50 + 0.04°
6% functionalized n-TiOs tube-PMMA 11.50 + 0.04¢ 13.58 + 0.04°
8% nonfunctionalized n-TiO; tube-PMMA 12.70 + 0.03° 14.53 + 0.02°

Mean + 25E, P<0.05
This phenomena leads to the presence of higher amounts of unreacted monomer in the
composite reinforced with non-functionalized n-TiO; tubes than with functionalized n-
TiO, tubes. This can be qualitatively characterized by FTIR analysis of the curing

composites after 10 and 12 minutes from the start of mixing as shown in Figure 5.10.
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Figure 5.10. FTIR spectra of the curing n-TiO, tube-PMMA composites after 10 minutes (a) and 12
minutes (b) of the mixing.

In figure 5.10, the residual monomer on the cement surface is shown by the absorption

peak at 1637 cm™, which confirms the presence of C=C bond of the unreacted MMA >">
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As shown in this figure, the liquid MMA exhibits the highest peak at 1637 cmattributed
to the unsaturated vinyl bond of this monomer. After 10 minutes of the initial mixing, the
unfilled PMMA matrix reaches the onset stage of viscosity increase, while the other
composites still stay in the wetting phase (Figure 5.10 and Table 5.2). This is why the
unfilled PMMA shows a comparatively lower absorption peak than the other composites
at 1637 cm™ after 10 minutes (Figure 5.10 a). On the other hand, unfilled PMMA reaches
its curing stage after 12 minutes, while composites with 2% functionalized and non-
functionalized n-TiO, tubes as well as the 6% functionalized n-TiO, tubes stay in the
polymerization stage (Table 5.2). Hence, all these composites exhibit a lower absorption
peak at 1637 cm™ compared to that after 10 minutes. However, the composite with 6%
non-functionalized n-TiO, tubes exhibits the existence of a substantial amount of the
unsaturated C=C bond after 12 minutes, thus remaining in the wetting (Table 5.2).
However, the values of tos and tuy. exhibited by the curing n-TiO, tube-PMMA
composites are much lower than those exhibited by the n-TiO,fiber-PMMA composites
with the same loading and the same extent of functionalization as shown in Table 4.4 and
Table 5.2. Higher surface area and a hollow interior allow the nanotubes to establish
enhanced interlocking with the matrix through its outer and inner surfaces both physically
and chemically, which may contribute to the lower amount of unreacted monomer within
the composites. The main limitation associated with this technique of measuring residual
MMA is that it primarily measures the surface MMA content of the composite.

5.3.8. Radiopacity

As mentioned in Chapter 4, radiopacity is a very important property for a composite

when applied as a bone cement, as this property allows the post operative assessment of
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the cement and cemented joint prosthesis. The radiopacity values in Al equivalent of
Imm specimen thickness for PMMA composite reinforced with 2 % n-TiO, tube is

presented in Figure 5.11, along with the unfilled PMMA and 2% n-TiO, fiber-PMMA

composite.

Unfilled PMMA

2% n-TiO, tube-PMMA

2% n-TiQ, fiber-PMMA

6% BaS0,-PMMA 5
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Figure 5.11. Radiopacity of different composites expressed in terms of equivalent Al thickness.

As shown in this figure, all the composites loaded with 2% n-TiO, exhibit a low level of
radiopacity that is not significantly different from the unfilled PMMA at P>0.05. The
reason for the poor radiopacity of the composite reinforced with 2% n-TiO, tubes is the
same as that for the composite with 2% n-Ti0O; fibers, i.e. the low capacity of the titanium
atom to attenuate X-ray photons of the standard medical X-ray equipment.

5.4. Conclusion

n-TiO, tubes have been successfully incorporated into a PMMA matrix as reinforcing

agents to produce nanocomposites. Functionalized nanotubes established strong
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interfacial adhesion and extended interfacial interaction with the polymer matrix through
both its exterior and interior surfaces as confirmed by the micrographic analysis of the
fracture surfaces of the nanocomposites. The increased interfacial shear strength was also
confirmed by thermogravimetric and dynamic Young’s moduli analysis of the produced
nanocomposites. The rare combination of extreme toughness with firm flexural strength
was achieved due to the strong and enhanced interfacial adhesion between the nanotubes
and the polymer. It was found that 2wt% n-TiO, tubes with an increased extent of
functionalization (10wt %) provided the highest magnitude of fracture toughness and
flexural strength amongst all tested materials. This provided a superior reinforcing effect
compared to reinforcement with titania nanofibers. However, with the optimum
incorporation (2wt %) of n-TiO, tubes, the nanocomposites did not exhibit sufficient

radiopacity with the standard X-ray exposure available for medical treatment.
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Chapter 6: Modification of nanostructured titania tube with strontium

and nanocomposite preparation

This chapter describes one of the modification techniques of the nanostructured titania
tubes (n-TiO, tube) for improving their capacity to attenuate X-ray photons and
radiopacifying properties. The effect of these modified tubes on the mechanical and
biological properties of the PMMA matrix is also described in this chapter. Part of this
chapter was reproduced from an article submitted to Acta Biomateriallia with the title:
“Synthesis and Characterization of PMMA Based Composites Reinforced with TiO,-SrO
Nanotubes” and another article under preparation to be submitted to Langmuir.

Strontium oxide (SrO), a well known and strong radiopacifier was incorporated into the
n-TiO; tube in-situ during the synthesis of the tubes through the alkaline hydrothermal
technique. The TEM and SEM micrographs revealed the incorporation of the SrO within
the tubes, while energy dispersive spectroscopy (EDS) mapping and backscattered SEM
confirmed the uniform distribution of SrO. The nanocomposite reinforced with 2 wt%
SrO incorporated n-TiO, tubes (SrO-n-TiO; tube) exhibited sufficient radiopacity similar
to the commercial bone cement. It also retained the fracture toughness as imparted by n-
TiO, tubes at the same loading. Moreover, the resulting nanocomposites exhibited
significant enhancement in cellular proliferation in vitro compared to the control (unfilled
PMMA matrix) at P<0.05..

6.1. Introduction

It is clear from the various scientific and clinical studies that the radiopacifying agents

(BaSOy4 or ZrO,) used in the commercially available PMMA based bone cements impart a
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deleterious effect on its mechanical properties. These are caused by poor wetting and
weak interfacial bonding between these inorganic fillers and the non-polar polymer
matrix.' 2122027 Therefore, there is a sustained interest in alternative radiopacifiers
which can act also as reinforcement agents for bone cements. In an attempt to achieve
this, we have introduced nano-sized titania fibers and tubes in an acrylic matrix as
examined in the previous chapters. We have managed to utilize the advantage of the high
aspect ratio of the one-dimensional nanomaterials to enhance the mechanical properties
of the matrix. However, the optimum loading of the nanomaterials as determined from
the mechanical properties of the resulting nanocomposites failed to render sufficient
radiopacity to the matrix using standard medical X-rays. In this chapter we have
introduced one approach to modify the nano-sized titania tubes to provide enhanced
radiopacity at the optimum loading in the acrylic matrix. Strontium (Sr) is a highly
radiopaque substance having an atomic number of 38 and K-edge energy of 16.10
KeV.?® This is why Sr is assumed to exhibit similar radiopacity compared to Zr*° Sris
currently utilized in some commercially available dental cement brands as a
radiopacifier.”** Many researchers studied the incorporation of Sr in an acrylic bone
cement matrix in an attempt to evaluate alternative radiopacifiers either combined with
other materials or in the pure oxide form. One of the most recent investigations was done

by L. Hernandez and et al.*'’

who used strontium hydroxyapatite as filler particles in a
PMMA based cement. In another attempt, G. Lewis et al.>* reported the incorporation of
strontium oxide (SrO) particles as an alternative radiopacifier in acrylic cement matrix.

Besides providing radiopacity as high as that exhibited by a BaSO, containing cement,

SrO showed the potential to act as a bacterial growth inhibitor. Moreover, the inclusion of
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Sr is reported to increase the biocompatibility of the cement.**!

Because of its high
reported radiopacity, antibacterial activity and biocompatibility, we have modified the n-
TiO; tubes with SrO. This is the first approach to combine the effectiveness of SrO with
enhanced radiopacity and biocompatibility and nano-structured materials to achieve
advanced nanocomposites with enhanced mechanical properties. In order to introduce the
SrO into the n-TiO, tube, we followed a one step in-situ decoration/incorporation
procedure of strontium acetate into the titanate nanotube by treating it with commercial
titania nanopowder through the alkaline hydrothermal technique. Being soluble in the
aqueous alkali solution, strontium acetate generates Sr** in solution which is incorporated
in between the layers or in the cavity of the growing titanate nanotube during synthesis.
Finally the anatase titania nanotube incorporated with SrO was obtained after calcining
the modified titanate in air. Hence, the objective of this study is to synthesize and
characterize advanced n-TiO, tubes incorporated with SrO (SrO-n-TiO, tube). In
addition, the effect of the inclusion of these advanced nanotubes on the radiopacity,
mechanical properties and in vitro biocompatibility of the PMMA based nanocomposites
is also studied in this work.

6.2. Materials and Methods

6.2.1. Materials

Titanium oxide nanopowder (<100 nm, 99.9% metal basis), strontium acetate powder
(~3% H,0) and reagent grade 37% hydrochloric acid were purchased from Sigma-
Aldrich and used as received. Sodium hydroxide pellets (assay, Ca: 0.0002%, K: 0.007%,

Na,COs: 0.4%, Cl: <0.001%, Cu: <0.001% , Mg: <0.0002%) were purchased from J.T.

Baker and used as received. All other materials used to functionalize the n-Ti0,-SrO and
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to prepare the nanocomposites were the same as used in Chapter 4 and 5. Moreover, the
materials used for the in vitro biocompatibility study were the same as described in
section 2.7 of Chapter 2.

6.2.2. Synthesis of SrO-n-TiO, tube

0.24 gram of strontium acetate powder was dissolved in 30 mL of 10M NaOH solution in
a 125 mL teflon- nalgene flask and was subjected to constant stirring for 24 hours. 2 gram
of titanium oxide nanopowder was then mixed into the solution of strontium acetate in
10M NaOH and the whole mixture was kept under constant stirring for another 24 hours.
Finally the whole content was transferred to a 40 mL teflon flask enclosed in a 125 mL
stainless steel autoclave (Parr 4748, Parr instrument, IL, USA). The reaction was carried
out at 120 °C for 20 hours without stirring. The alkali-treated powders thus obtained were
rinsed with distilled water followed by 0.1M HCI solution until its pH became ~7. Then
the titania-based powder was subjected to vacuum drying at 80 °C overnight. Finally the
dried powder was calcined at 400 °C for 2 hours at a heating rate of 10 °C/min in air.
6.2.3. Functionalization of SrO-n-TiO, tube

In order to functionalize the surface of the SrO -n-TiO; tube, 0.1 g of calcined powder
was dispersed in 35 mL of 2-propanol with the aid of ultrasonic agitation, followed by
reacting with 3 mL of MA at 80-85 °C for 24 hours with constant stirring. The reaction
was carried out at pH of 5.5 (as measured by pH meter UWR SB301) adjusted by adding
a few drops (5-12 drops) of potassium hydroxide solution (0.3 N) to the reaction mixture
prior to the reaction. The treated powder was then filtered and washed with distilled water

and 2-propanol to remove the unreacted MA. Finally the wet powder was dried at 80 °C
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under vacuum for 5 hours. 10 wt% functionalization on the modified nanotubes was
achieved as studied by TGA analysis (not shown in this chapter)

6.2.4. Preparation of SrO-n-TiO, tube -PMMA composites

The nanocomposites were prepared following the standard technique recommended to
prepare bone cements by mixing the powder part consisting of the prepolymerized
PMMA beads and initiator with the liquid part consisting of MMA and activator. During
preparation of the SrO-n-TiO, tube-PMMA composite, the functionalized SrO-n-TiO,
tubes were dispersed in the liquid part of the cement by ultrasonic agitation for 15
minutes. The resulting materials were hand mixed into a dough state with the powder
portion of the cement according to the technique described in previous chapters and a
published work.?® Nanocomposite specimens with 2 wt% loading of functionalized SrO-
n-TiO, tube were prepared for determination of the mechanical and other properties.
Moreover, control specimens were prepared using the PMMA nanocomposites reinforced
with 2 wt% functionalized n-Ti0, tubes.

6.2.5. Characterization of SrO-n-TiO; tube and the nanocomposites

The microstructure and morphology of the SrO-n-TiO, tubes were examined by
transmission electron microscope (TEM, Philip CM10, AMT digital camera, Eindhoven,
Netherlands) operated at an accelerating voltage of 100 kV. The morphology of the n-
TiO,-SrO was also investigated by using a scanning electron microscope (SEM, LEO
1540XB, Zeiss, Oberkochen, Germany) at an accelerating voltage of 1 kV. The
distribution of the SrO in the SrO-n-TiO, tube was examined by the back-scattered
electron signal produced from the SEM analysis of the sample. The distribution was also

investigated by energy dispersive X-ray spectroscopy (EDS) using the elemental mapping
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of Sr, Ti and O atoms of the SrO-n-TiO, tube samples using the same SEM microscope
operated at an accelerating voltage of 20 kV.
Kjc of the nanocomposite specimens loaded with 2 wt% of functionalized SrO-n-TiO,
tube was determined using the notchless triangular prism (NTP) method as described in
chapter 2. Triangular prism specimens (n=12) (6bmm x 6mm x 12mm) were produced.
Testing was conducted using a computer controlled Instron 3345 at a crosshead speed of
0.1 mm/min with the specimens in the wet condition.
The radiopacity of the nanocomposites based on 2 wt% loading of the functionalized
SrO-n-TiO; tubes was evaluated and expressed in terms of equivalent aluminum (Al)
thickness according to the method described in chapter 2 with the calibration curve and
regression equation described in Chapter 4.
6.2.6. Determination of in vitro biocompatibility of the SrO-n-TiO, tube-PMMA
composites
In vitro biocompatibility was evaluated for the nanocomposites reinforced with 2 wt%
functionalized SrO-n-TiO; tubes as well as the control specimens (PMMA with 2 wt% n-
TiO; tubes and unfilled PMMA) using disc specimens, 14.0 mm in diameter and 1.0 mm
in thickness. The biocompatibility study was performed using primary rat calvarial
osteoblasts (RCOs) according to the methods described in section 2.7 of Chapter 2. In
order to avoid the effect of unreacted monomer, all the nanocomposite specimens were
subjected to incubation at 60 °C for 72 hours prior to the cell culture. Moreover,
specimens were plasma cleaned using argon gas and plated in 24 well tissue culture

plastic before seeding the RCOs.
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For live/dead analysis, RCOs were plated at a density of 10 000 cells per specimen and
cultured for 24, 48 and 72 hours. Cells were stained with Invitrogen’s live/dead kit to
determine the viability/cytotoxicity of cells by differentiating between live and dead cells
using a two colour fluorescence. Ten images per surface were captured with an Axiphot
microscope (Zeiss, Oberkochen, Germany), a Fast1394 digital camera (QICAM,
QImaging, Surray, BC, Canada) and Northern Eclipse software (EMPIX, EMPIX
Imaging Inc., Cheektowaga, NY, USA). Only the images with live cells are presented in
the cell proliferation study. All data for proliferation experiments were normalized to
control surfaces at 24 hours. 3 independent experiments were analyzed with 3 repeats per
experiment.

6.3. Results and discussion

6.3.1. TEM and SEM

The microstructure of the synthesised material after calcination at 400 °C was
investigated by TEM and is represented in Figure 6.1 b. The TEM image of the n-TiO,

tubes is also represented in Figure 6.1 a for comparison purposes.

Figure 6.1. TEM: (a) n-TiO, tube and (b) SrO-n-TiO; tube



155

As shown in the figure, the SrO-n-TiO, tubes exhibit a multi-layered tubular morphology
similar to the n-TiO, tube structure. The SEM image of the SrO-n-TiO, tube also reveals
its tubular morphology with a smooth surface containing very little amount of SrO
particles on its surface which indicates the possible entrapment of most of the SrO
particles inside the tube in its cavity or in the interlayer spaces (Figure 6.2. a).

6.3.2. Backscattered SEM

The SEM image of the SrO-n-TiO, tube generated by backscattered electrons is shown in
Figure 6.2 b, which shows an image contrast. Backscattered electrons are incident

242 The contrast of the

electrons reflected back from a target sample and imaged by SEM.
backscattered image results from the energy spectrum of the emitted electrons which are
elastically scattered from the nucleus of different atoms the sample consists of.**

Therefore, the image contrast reveals the distribution of atoms with different atomic

number or the Z-contrast of the sample.

Figure 6.2. SEM image of SrO-n-TiO, tube (a) and backscattered SEM image of SrO-n-TiO, tube

Hence, in Figure 6.2.b, the homogeneous image contrast reflects the good distribution of

the Sr atoms in the Ti matrix.
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6.3.3. EDS

Figure 6.3 shows the EDS elemental analysis of the SrO-n-TiO; tube using titanium,
strontium and oxygen mapping. In Figure 6.3 b-d, the elemental maps represent the
distribution of atomic concentrations of Ti, Sr and O in the nanotubes and it reveals that
the titanium and strontium elements are homogenously dispersed throughout the samples.
EDS elemental analysis was also performed to investigate the atomic composition of the
elements in the SrO-n-Ti0O, tube sample. The elemental analysis was performed by taking
the spectrum on three different sites of the sample with the average values of the
composition along with the standard deviations being provided in Table 6.1. The
elemental analysis contains a certain amount (21.58 at.%) of C which comes from the
carbon grid on the Al stub used for holding the samples during the EDS analysis. The
atomic composition of Sr as revealed from the EDS analysis is 2.1% (excluding the C),

which is less than the atomic composition of Sr (4.4%) in the precursor mixture.

Figure 6.3. EDS elemental mapping: (a) Selected area on the sample (b) Ti mapping; (c) O mapping
and (d) Sr mapping. Scale bar in 5 pm.
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It is anticipated that some Sr cations are removed and some are replaced by hydrogen
ions during the washing steps using water and HCI solution respectively. A small amount
of Na atoms in the elemental analysis comes from the NaOH solution used as medium for

the hydrothermal reaction.

Table 6.1. Atomic composition of different elements of SrO-n-TiO, tube as measured by EDS
elemental analysis.

Elements Composition {atomic%) + SD
C 21.58+4.49
O 58.92+£1.76
Ma 0.44 + 016
Ti 16.40 £ 2.47
Sr 1.65 + 0.32

6.3.4. FTIR
The functionalization of the SrO-n-TiO, tube was confirmed by FTIR analysis of the
sample which exhibited a similar absorption band as exhibited by the functionalized n-

Ti0; tubes and shown in Figure 6.4.
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Figure 6.4. FTIR spectra of the functionalized SrO-n-TiO, tube.
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It is anticipated that most of the SrO particles are incorporated within the bulk of the n-
TiO, tube, not on the surface. Therefore, the functionalizing agent, MA is anticipated to
interact with the titanium atom on the tubular surface. As shown in Figure 6.4, the two
absorbance bands at 1553 and 1412 cm™ are ascribed to asymmetric and symmetric mode
of v(0-C-0).>** The highest wave number mode at 1553 cm™ and the lowest wave
number mode at 1412cm™ are separated by 139 cm™ and hence suggest the carboxylic
group of MA is coordinated to the titania surface through bridging bindendate
coordination mode.**> The absorption band at 1629 cm™ corresponds to the C=C bond of
the MA coupled with the SrO-n-TiO, surface.?’

6.3.5. Fracture Toughness

The mechanical properties of the PMMA composites reinforced with 2 wt% of
functionalized SrO-n-TiO, tube were investigated for Kjc. Figure 6.4 shows the
comparative study of the K¢ values of the resulting nanocomposite as well as composites

with 2 wt% functionalized n-Ti0O, tubes and fibers at the same level of functionalization.

Unfilled PMMA

2% n-TiQ, fiber-PMMA

2% Sr0-n-TiO;tube-PMMA

2% n-TiQ, tube-PMMA
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Figure 6.5. Fracture toughness of unfilled PMMA and different nanocomposites
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As shown in this figure, the Kjc value of the composite reinforced with 2 wt% of
functionalized SrO-n-TiO; tubes is not significantly different from those of composites
reinforced with 2% n.TiO, fibers and tubes, P>0.05. However, it is significantly higher
than the unfilled PMMA matrix, P<0.05. After modification with SrO, the n-TiO, tube
preserved its tubular morphology which was confirmed by the TEM and SEM analysis.
Therefore the SrO-modified titania nanotube renders a similar toughening effect to the
nanocomposites as provided by the pure n-TiO, tubes.

6.3.6. Radiopacity

The radiopacity values in Al equivalent of 1mm specimen thickness for composites with
2 wt% SrO-n-TiO, tube and 2 wt% n-TiO; tube as well as unfilled PMMA and PMMA
reinforced with 6% commercial BaSO, are presented in Figure 6.6. As shown in this
figure, the Sr-incorporated n-TiO, tube provides significantly higher radiopacity (>
100%) to the PMMA matrix than that provided by n-TiO;, alone at the same level of

loading. The increased radiopacity results from the Sr atom incorporated in the nanotube.

Unfilled PMMA

2% n-TiQ, tube-PMMA

2%Sr0-n-TiO, tube-PMMA H

6% BaS0,-PMMA

0.0 0.1 0.2 0.3 0.4
Equivalent mm of Al

Figure 6.6. Radiopacity in equivalent Al thickness
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It is calculated from the weight percentage elemental analysis that nanocomposites
reinforced with 2 wt% of SrO-n-TiO, tube basically contains 0.73 wt% Ti and 0.40 wt%
Sr, while the nanocomposite reinforced with 2 wt% n-TiO; tube contains about 1.1 wt%
of Ti. Therefore, the enhanced radiopacity of the PMMA composites is due to the
presence of Sr with Ti atom.

6.3.7. In vitro biocompatibility

Figure 6.7 represents the RCO cell adhesion and proliferation on the surface of the
PMMA nanocomposite reinforced with 2 wt% SrO-n-TiO; tubes. It also shows the cell
proliferation on the unfilled PMMA surface as well as on the composite reinforced with 2
wt% n-TiO, tube. RCOs attach and spread to different extents on different composite
surfaces by 24 hours. The SrO-n-TiO, tube-PMMA composite surface exhibits the
highest degree of cell spreading with a flattened morphology of RCOs attached on it
(Figure 6.7 c), reflecting its excellent cell viability compared to the unfilled PMMA and
composite reinforced with 2 wt% n-TiO, tubes. The RCOs reach confluency in 72 hours
exhibiting a higher extent of cell growth on the n-TiO,-SrtO-PMMA surface than that

which occurs on the unfilled PMMA and n-TiO, tube-PMMA composites.
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Figure 6.7. RCOs proliferation for 24 hours on surfaces of (a) unfilled PMMA matrix, (b) 2% n-TiO,
tube-PMMA and (c) 2% SrO-n-TiO, tube-PMMA; RCOs proliferation for 48 hours on surfaces of
(d) unfilled PMMA matrix, (e) 2% n-TiO, tube-PMMA and (f) 2% SrO-n-TiO, tube-PMMA; RCOs
proliferation for 72 hours on surfaces of (g) unfilled PMMA matrix, (h) 2% n-TiO, tube-PMMA and
(i) 2% SrO-n-TiO, tube-PMMA; Only live cells are shown.

Analysis of the live cell numbers reveals that although RCOs proliferate almost similarly
on both the unfilled PMMA and n-TiO, tube-PMMA surface for up to three days, there is
a 2.0 fold increase at 48 hours and 4.0 fold increase at 72 hours on the surface of n-TiO,-
SrO-PMMA composite (Figure 6.8 a). Moreover, analysis of the live/dead RCOs
revealed that cell survival (viability) ranges from 92-98 % for the composite reinforced
with 2 wt% n-Ti0,-SrO, while for the unfilled PMMA and 2 % n-TiO, tube-PMMA
composite it ranges from about 85-94% and 88-96% respectively (Figure 6.8 b). Hence,
all these results from the cell study indicate that SrO-n-TiO, tubes enhance the
cytocompatibility of the PMMA matrix significantly compared to that containing the n-

Ti0, tube alone at P<(.05.
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Figure 6.8. a) Proliferation and b) Live/dead analysis of RCOs seeded on unfilled PMMA and
different nanocomposite surfaces.

Hence, there is clear evidence that SrO plays an important role in enhancing the
cytocompatibility of the composites. Basically, Sr is a natural bone-seeking trace element
that accumulates in the skeleton.**® Because of its chemical similarity with calcium (both
reside in the same group in the periodic table), Sr enhances the proliferation and growth

247 Moreover, Sr stimulates bone formation and inhibit bone

of bone cells in vitro.
resorption, thereby exhibits a potential therapeutic effects in osteopenic disorders.>*’

From the above discussion, it can be rationalized that functionalized n-TiO, tubes act as
ideal reinforcing agents for acrylic matrix in order to produce a new generation of bone
cements, when doped with SrO. The resulting nanocomposites retain the enhanced
mechanical properties as exerted by the undoped counter-part, but exhibit substantially
higher radiopacity and biocompatibility compared to that exhibited by the n-TiO; tube-
PMMA composite. Moreover, the nanotubes are chemically bonded to the acrylic matrix

with the SrO enclosed into its cavity or inter-layer space, which inhibits the chance of

possible loosing of these components into the surrounding biological atmosphere during
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wear of the bone cement with implant and bone, providing the possibility of longer
service life of the arthroplasty.”

Hence, a novel technique to incorporate biocompatible and radiopaque SrO component
into the titanate nanotube through a one stage in-situ method has been developed in this
study. Future work requires the following: optimization of the incorporation of SrO into
the n-TiO, tube, characterization of the state of SrO in n-TiO, tube by high resolution
TEM, XPS and XRD, and a rheological study of the resulting nanocomposite during its
curing.

6.4. Conclusion

A novel nanostructured tubular TiO, modified with SrO was successfully synthesized and
introduced into the PMMA matrix to enhance its mechanical, physical and biological
properties. The augmented Kjc resulted from the high aspect ratio of the functionalized
nanotube which establishes strong and extended interfacial bonding with the matrix,
while the increase in radiopacity and osteoblast cell viabilty was attributed to the
modification of the n-TiO, tubes with SrO. Therefor,this study demonstrated a novel
pathway to develop an alternative radiopacifier for bone cements which also acts as a

reinforcing agent.
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Chapter 7: Reinforcement of a commercial bone cement using

nanotitania

In the last four chapters we have examined the development of a novel technique to
functionalize nanostructured titania fibers, spheres and tubes along with the reinforcing
effect of these functionalized nanomaterials on a PMMA matrix. The resulting
nanocomposites were studied focusing on their potential application as a new generation
of bone cements having an optimum combination of toughness and strength, radiopacity
and biocompatibility. In order to evaluate the commercial applicability of this
reinforcement technique we have applied this methodology to a commercially available
acrylic bone cement. The present chapter deals with the reinforcement of a clinically used
commercial bone cement using the functionalized titania nanofibers and nanotubes. Part
of this chapter has been reproduced from one article accepted for publication in the
Journal of Biomaterials Application on October 2009 with the title: “Physical and
Mechanical Properties of PMMA Bone Cement Reinforced With Nano-sized Titania
Fibers”, and another article with the title:“Reinforcement of Resin Cement With Titania
Nanotube”, which has been accepted for publication in Dental Materials on September,
2009.

One of the limitations of the commercial bone cement is its poor mechanical properties
particularly FS and Kjc which result from the deleterious effects of the radiopacifier
(BaSO4 or ZrO;). These lower properties facilitate the chance of implant loosening
resulting from cement mantle failure. The present study was performed to enhance the

mechanical properties of a commercially-available cement (CMW®1) by introducing
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novel nanostructured titania fibers (n-TiO, fibers) and tubes (n-TiO, tube) into the
cement matrix, with the fibers or tubes acting as a reinforcing phase.

The hydrophilic nature of the n-TiO, was modified by using the bi-functional monomer,
methacrylic acid. The effect of n-TiO, on the cement was systematically studied by
varying the content of the nanomaterials from 0 to 2 wt. %. The resulting reinforced
cements were characterized by available ASTM and ISO standards for bone cement
evaluation. Along with the mechanical properties Kjc, FS and FM of the reinforced
cements, the following properties were investigated: complex viscosity-versus-time,
maximum polymerization temperature (Tmax), dough time (tgougn), setting time (ts),
radiopacity, and in-vitro biocompatibility. On the basis of the determined mechanical
properties, the optimized composition was found at 1wt. % n-TiO, fibers and 1 wt. % n-
TiO, tubes. In the case of nanofibers this optimized loading provided a significant
increase in Kjc (63%), FS (20%) and FM (22%) of the cement, while in the case of
nanotubes it provided a more significant increase in Kic (73%), FS (42%) and FM (56%).
In both cases, the handling properties and in-vitro biocompatibility of the reinforced
cements compared to that exhibited by the control cement (CMW®1) were retained.
Moreover, compared to the control cement, there was no significant change in the
radiopacity of any of the reinforced cements at P=0.05. Enhanced interaction and strong
adhesion between the functionalized n-TiO, and acrylic matrix allows external
mechanical stress to be more effectively transferred through the filler-matrix interface.
This novel approach to reinforce polymer matrix with a small loading of n-TiO; in

conjunction with existing fillers can be applied to any kind of acrylic or resin based
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composite including orthopaedic and dental cements without altering other important
cement properties such as the rheology, radiopacity or biocompatibility.

7.1. Introduction

Self-curing acrylic cements have been widely used in orthopaedic surgery for the fixation
of joint prostheses in cemented arthroplasties.”>’**® Cemented total joint arthroplasties are
cost-effective interventions for reducing pain, improving function, and enhancing the

quality of life in patients with arthritis of the hip and knee.****!

In this application, the
main functions of the bone cement are to transfer body weight and service loads from the
prosthesis to the bone and /or increase the load-carrying capacity of the prosthesis-bone

2,12

cement-bone system.” ~ Due to the excellent primary fixation of the implant and fast

recovery times for the patient, cemented arthroplasties are drawing significant attention

world-wide."

However, in-spite of having admirable records of performance,
commercial bone cements suffer from poor mechanical performance which facilitates
their failure due to bending induced breakage and fracture related cracking % A typical
successful total hip replacement has a service life of 10-20 years with over 75% of
failures due to aseptic loosening, attributed to the cement mantle failure.'® According to
a survey performed in 2003, bone cement failure is responsible for a significant portion of

99,250,251
522" Therefore,

the estimated 36,000 revision hip arthroplasties in the United States.
there is a considerable interest to improve the mechanical properties of acrylic cement.

One of the main efforts in the improvement of bone cements is to reinforce the existing
cements by incorporating small amounts of various additive materials into the cement

.12 . .
matrix. ~ For example, stainless steel fibers, glass fibers, long macroscopic carbon fibers,

polyethylene fibers, metal wires and titanium fibers have been added to bone cement, in
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attempts to enhance the transfer of external load as well as to hinder the crack

propagation through the cement 232258

Due to the large size of the fillers, poor filler-bone
cement matrix bonding (and subsequent debonding), nonuniform filler material
distribution, and function of the pores as stress concentration sites are among the reasons
why these efforts have been less than ideally successful.”**

Nanotechnology provides a new avenue to develop composites with a combination of
superior mechanical and physical properties. One of the main features of nanoparticles is
their high surface area to volume ratio. This allows them to provide substantially higher
interfacial area for load transfer when incorporated into a composite matrix compared to

o 160,259
their micro counterparts.

Very few studies have examined the enhancement of
mechanical properties of bone cements using nanotechnology. Marrs ef al.”® reported the
augmentation of acrylic bone cement by incorporating multi-walled carbon nanotubes
(MWCNT) into a cement matrix. An optimum composition of 2 wt. % MWCNT was
found, which enhanced the flexural strength and bending modulus by 12.8 and 3.7 %
respectively compared to the cement without MWCNT. This small increase in
mechanical properties might be due to the lack of bonding between the MWCNT and the
acrylic matrix. Moreover, there is a sustained debate on the biocompatibility of carbon
nanotubes, and the bone cement reinforced with MWCNT may have adverse effects on
the living cells surrounding the prosthesis.””'” J-H. Wang et al.'®' investigated the
reinforcement of acrylic bone cement by incorporating organically modified
montmorillonite (MMT) nanoclay into a cement matrix. A 54% increase in impact

strength was found compared to the control cements by intercalating the acrylic polymer

chains using 9 wt. % MMT. However, with nanoclay loading as high as 9 wt.%, the



168

intercalation of PMMA chain into the inter-lameller spaces of MMT may pose an adverse
effect on the rheological properties of the resulting cements, which was not investigated.
Hill et al.'” Investigated the inclusion of calcium carbonate (CaCOs3) nanoparticles into a
bone cement matrix (Colacryl B866) in an attempt to increase its mechanical properties.
In order to enhance the dispersion of the nanoparticles, its surface was treated with
sodium citrate. An optimum loading of 0.25 wt. % CaCO; nanoparticles was reported
which exhibited an increase in bending strength and bending modulus by 6.5 and 7.4 %,
respectively, compared to the control cement. This poor increase in bending properties is
attributed to the lack of adhesion between the nanoparticles and the cement matrix. A. H.

Gomoll et al.'®

reported the enhancement of mechanical strength of a commercial bone
cement by incorporating nano-sized (100 nm) BaSOy particles. A 41% increase in tensile
strain-to-failure and 70% increase in tensile work-of-fracture were reported for the
cement containing 10 wt.% nanosized BaSOy particles, compared with the micron sized
commercial BaSO, particles. However, without having any chemical bonding between
the inter-bead PMMA matrix and the nano-BaSO, particles, the ultrafine nanoparticles
may release from wear into the surrounding biological tissue, causing inflammation and
implant loosening.

Thus, nanostructured fillers that are capable of establishing a chemical bond with the
acrylic matrix of a commercial orthopaedic cement, by preventing phase separation, may
help to enhance its mechanical properties without compromising radiopacity and

rheological properties.”'"

Moreover, chemical bonding between the acrylic matrix and
the nanofillers is expected to reduce the production of abrasive nanofiller debris in tissue

surrounding the prosthetic joints.’° In the present work we used nano-sized titania fibers
g p J p
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and tubes as the reinforcing agents in the matrix of the commercial bone cement,
CMW®1. In order to compatibilize the inorganic n-TiO, with the organic polymer matrix,
we have functionalized the n-TiO, using a bi-functional monomer, methacrylic acid,
which is capable of binding the surface of n-TiO; through its carboxylic group while
establishing a molecular bridge with the PMMA matrix by covalent bonding through its
vinyl (C=C) bond.

Although titania is an established biocompatible material,”” nanomaterials are well known
to exhibit completely different characteristics at their nano-dimensions, often being more
toxic. This is attributed to their larger surface area, enhanced chemical reactivity, and

19 Hence, bone cement reinforced with n-TiO, needs to be

easier penetration into cells.
evaluated in terms of osteoblast cell adhesion, proliferation and in general cytotoxicity.
The objectives of the present study are to investigate the influence of the inclusion of n-
TiO; fibers and tubes on the following properties of the commercially-available PMMA
bone cement, CMW®™1: complex viscosity-versus-time, maximum polymerization
temperature, dough time, setting time, radiopacity, fracture toughness, flexural strength
and flexural modulus. This study also investigates the in vitro biocompatibility of the
cement reinforced with n-TiO, fiber and tubes using primary osteoblasts obtained from
rat calvarias.

7.2. Experimental Details

7.2.1. Materials

The n-TiO, fibers were synthesized using a direct sol-gel method in supercritical carbon

dioxide, while the n-TiO, tubes were synthesised using an alkaline hydrothermal

223,128

technique. The commercially-available cement used was CMW®1 (Depuy, Warsaw,

IN, USA) (for its composition, see Appendix 4), with an average molecular weight of its
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prepolymerized PMMA mixed in the powder part as 535 kDa (as measured by GPC, see
appendix 5). In order to functionalize the n-TiO,, 2-propanol and MA (99.99%, Sigma-
Aldrich) were used as received. Moreover, the materials for the in vifro biocompatibility
study were the same as described in section 2.7 of Chapter 2.

7.2.2. Functionalization of n-TiO,

The synthesized n-TiO, fibers were calcined at 600°C to impart crystallinity and
thermodynamic stability.'”" Similarly, the synthesised hydrogen titanate nanotubes were
calcined at 400°C in air in order to obtain anatase n-TiO; with tubular m01’ph010gy.227’228
In order to functionalize the surface of both the nanofibers and tubes, 0.1 g of calcined n-
TiO, powder was dispersed in 35 mL of 2-propanol with the aid of ultrasonic agitation,
followed by reacting with 3 mL of MA at 80-85 °C for 24 hours with constant stirring.
The reaction was carried out at pH 5.5 (as measured by pH meter UWR SB301) adjusted
by adding a few drops (10-12 drops) of potassium hydroxide solution (0.3 N) to the

reaction mixture prior to the reaction.

7.2.3. Preparation of reinforced CMW1 composites

Bone cements are prepared clinically by a free radical bulk polymerization technique by
mixing the liquid and powder components in ratios as specified by the manufacturer.
During the preparation of n-TiO,-CMW1 cement in this work, the functionalized TiO,
was dispersed in the liquid monomer portion of the CMW®1 cement by ultrasonic
agitation for 15 minutes. The CMW®1 powder portion was added to liquid monomer
containing the dispersed n-TiO; at a ratio of 2.18 and hand mixed into a dough state and
loaded into Teflon molds. The molds were kept for 24 h at room temperature for

complete curing. Nanocomposite specimens with 0.5, 1.0, 1.5 and 2.0 wt% loading of
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functionalized n-TiO, were prepared. Moreover, control specimens were produced using
the as received CMW® 1 cement.

7.2.4. Characterization of reinforced cements

The morphology of the functionalized n-TiO, fibers and tube as well as the BaSO,
particles in the cement powder were investigated using a scanning electron microscope
(SEM, LEO 1540XB, Zeiss, Oberkochen, Germany) at an accelerating voltage of 1 kV.
The micrographs of fracture surfaces of the reinforced cements after the fracture
toughness test were also examined using the same scanning electron microscope.

The evolution of the polymerization process was observed at a working temperature of 37
°C according to the technique described in Chapter 2. The maximum temperature and

136 \vith

setting time were measured and calculated as described by ISO 5833 standards,
the results being the average of at least three measurements.

The rheology of the cement was determined using a rheometer (AR 2000ex, TA
instruments Ltd. Delaware, USA) in terms of the complex viscosity of the cement dough
as a function of time elapsed from commencement of mixing the powder and liquid
components. The tests were performed according to the method described in Chapter 2.
All measurements (n=3) were made at 37 = 1 °C in order to mimic the body temperature.
The onset time of viscosity increase and the curing time of the cement were determined
from the complex viscosity-versus-time results, with the values compared to the setting
times as measured according to ISO 5833.

The radiopacity of the reinforced cements containing 0.5, 1.0, 1.5 and 2.0 wt% n-TiO,

fiber and tube separately as well as the control cement in terms of equivalent Al thickness

were determined according to the method described in Chapter 2. From the Al step-
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wedge radiograph, a calibration curve relating the logarithm of % RGB vs. the logarithm

of Al thickness was constructed (Figure 7.1). The radiopacity of the specimens was
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Figure 7.1. Calibration curve of % RGB versus Al thickness for measuring the radiopacity of n-TiO,-
CMWI1 composites
calculated from the regression (R?=0.9936) equation obtained from the calibration curve

in terms of mm Al thickness as shown below:

log(%RGB) —1.297

log(AD) = 0.6302

(7.1)

To obtain the radiopacity in terms of Al equivalent of 1mm specimen thickness, each
radiopacity value was divided by its specimen thickness.

Kjc of the reinforced cements was determined using the notchless triangular prism (NTP)
specimens according to the method described in section 2.7 of Chapter 2.with the method
developed by Ruse er al.'*® This is a simplified modification of the Chevron notched
short rod (CNSR) method, which is a recommended method for evaluating the Kjc of

bone cements according to ASTM B771-87.#%2%
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Both the FS and FM of the reinforced cements were determined by the four-point
bending test in accordance with the ISO 5833'°%!%¢ specifications. The testing procedure
is described in section 2.7 of Chapter 2.

7.2.5. Determination of in vitro biocompatibility

In vitro biocompatibility was evaluated for the cement reinforced with 1wt%
functionalized n-TiO, fibers and tube separately as well as the control cement using disc
specimens, 14.0 mm in diameter and 1.0 mm in thickness. In order to avoid the effect of
unreacted monomer, all the cement specimens were subjected to incubation at 60 °C for
72 hours prior to the cell culture. Moreover, specimens were plasma cleaned using argon
gas and plated in 24 well tissue culture plastic before seeding the RCOs. Proliferation and
live/dead analysis of RCOs were performed according to the method described in section
2.7.5 of Chapter 2 and section 6.2.6 of Chapter 6.

7.3. Results and Discussion

7.3.1. Reinforcement of CMW®1 with n-TiO; fibers

7.3.1.1. Morphological features and fracture surfaces

The morphology of the functionalized n-TiO; fibers as well as the BaSOj4 particles mixed

in the CMW®1 powder as observed by SEM are shown in Figure 7.2.

Figure 7.2. SEM: (a) Functionalized n-TiO, fibers; (b) BaSO, particles on PMMA beads of CMW®1
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These micrographs show that n-TiO, following functionalization preserve their fibrous
shape, while the BaSOy particles mixed by the manufacturer in the CMW®1 powder
exhibit irregular shape morphology with a wide size range from 200 to 700 nm. The size
and length distribution of the n-TiO, fibers were shown previously in Figure 3.4 of
Chapter 3 which revealed an average diameter and length of 12 nm and 2 pm
respectively.

The fracture surfaces of the cements obtained after the fracture toughness test were also
examined under SEM with the micrographs are shown in Figure 7.3. The fracture surface
of the CMW®1 cement (control) is shown in Figure 7.3 a, while Figure 7.3 b and ¢ show
the fracture surfaces of the CMW®1 cement matrix loaded with 1 and 2wt%

functionalized n-TiO; fibers, respectively.

Figure 7.3. SEM: (a) Fracture surface of CMW®1; (b) Fracture surface of 1% functionalized n-
TiO,fibers-CMW1 and (c) Fracture surface of 2% functionalized n-TiO, fibers-CMW1.

As shown in Figure 7.3 a, some BaSO, particles are debonded from the matrix while
some are loosely embedded in it surrounded by a number of pores. Figure 7.3 b shows
that the n-TiO, fibers (1 wt.% loading) are surrounded by the BaSO, particles in the
cement matrix, but unlike the BaSQOy particles, the n-TiO, fibers are strongly embedded in
the cement matrix. However, at 2wt% loading the n-TiO; fibers become agglomerated in

the cement matrix (Figure 7.3 ¢). Functionalization provides organophilicity to the n-TiO,
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fibers, which resulted in strong adhesion of the nanofibers with the PMMA matrix.
However, being incompatible with the acrylic matrix, BaSO, particles exhibited only a
weak adhesion to the PMMA matrix.

7.3.1.2. Setting parameters of the cements

The setting parameters (tgough, tset and Timax) of CMW® 1 and CMW® 1 loaded with 0.5,
1.0, 1.5 and 2.0 wt.% n-TiO; fibers were determined from the time-temperature graphs of
the curing cements (Figure 7.4), with the values listed in Table 7.1. As shown in the
figure, T, exhibited the highest value for the control cement, with this value decreasing
with increasing incorporation of functionalized n-TiO, fibers. On the other hand, the
value of tyouen and ty for each of the reinforced cements increases with the wt. % of n-
TiO, fibers. Setting parameters determine the handling/working characteristics of bone

cements as well as the maximum temperature generated during the polymerization.
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Figure 7.4. Variation of the temperature of the cements with the curing time
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In order to simulate body conditions, the setting parameters were evaluated at 37 °C. As
shown in Table 7.1, CMW®1 cement containing 6 wt.% BaSQ, particles exhibits a peak
temperature of 90.33 °C,"” with this value decreasing with increased incorporation of n-
TiO, fibers. In explanation, Ty results from the exothermic polymerization of the liquid
monomer initiated by BPO. The observed decrease in the polymerization exotherm can
be attributed to: 1) a decreased concentration of BPO in the modified cements,'*” and 2) a
higher surface area from the nanofibers helping to dissipate the heat of polymerization.
For similar reasons, the dough time and setting time increased when the amount of filler

. 33,212,261
was increased.”” "~

Table 7.1. Physical and mechanical properties of CMW® 1 and n-TiO, fibers-CMW1 composites

Cement

Cement property
Control 0.5 wt.% n-TiOzfiber- 1.0 wt.% n-TiOfibar- 1.5 wt.% n-TiOofiber- 2 wt.2% n-TiOzfibar-
CMW1 composite CMW1 composite CMW1 composite CMW1 composite
taugh (Min) 2.10 (0.08)® 2.15 (0.07)® 2.20 (0.05)* 2.28 (0.12)° 2.33(0.08)°
tset  (MiN) 5.77 (0.08)° 5.85 (0.08)° 5.91 (0.08) 6.03 (0.07)%® .10 (0.11)®
Trna (T ) 90.33 (1.28)° 87.67 (0.86)° 87.27 (1.80)F 88.230 (1.90)° 80.73 (3.02)°
tons (i) 5.71 (0.04)° 5.81 (0.07)™ 5.89 (0.03)° B.08 (0.08)* B.11 (0.05)*
toure (M) 6.34 (0.02)° B.42 (0.04)° 6.48 (0.06)° B.57 (0.02)° 6.83 (0.05°
Radiopacity (mm Al)  0.35 (0.011F° 0.36 (0.028)° 0.37 (0.004)® 0.37 (0.019)% 0.35 (0.036)%
Kic (MPa.m"?) 0.80 (0.03° 0.98 (0.03)° 1.32 (0.03)* 1.21 {0.04)° 1.10 (0.02)°
FS (MPa) B2.76 (2.08)° £8.08 (2.85)° 79.53 (2.66)¢ 7210 (1.93)° 70.13 (3.01)*
FM (GPa) 2 .44 [0.08)" 2.71 (0.12)° 3.13 (0.04)° 2.89 (0.07)° 2.78(0.08)

Mean (25E), P<0.05

However, with a small loading of n-TiO; fibers (up to 1 wt.%), this phenomenon did not
play a significant role, reflecting the result that the polymerization exotherm and dough
and setting time do not significantly change with the addition of 1 wt.% n-TiO, fibers

when compared with CMW®1 at P = 0.05.
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7.3.1.3. Rheology of the cements during curing

Rheological properties of the curing cement were evaluated in terms of viscosity change
with time during the setting period. Figure 7.5 shows the complex viscosity of the
CMW®1 cement and CMW® 1 reinforced with 0.5, 1.0, 1.5 and 2.0 wt% functionalized n-

TiO; fiber as a function of time, three minutes after the start of mixing at a temperature of

37°C.
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Figure 7.5. Viscosity during setting of CMW®1 and n-TiO, fibers-CMW]1.

The rheological properties of bone cements during their curing phase are very important
in determining their mixing/handling characteristics and viscoelastic properties.
Furthermore, these properties have a significant influence on material porosity, ability to
penetrate into bone, and the ultimate strength of the cement/prosthesis interface.”> As
shown in Figure 7.5, all the examined cements exhibit three distinct phases in the traces

of complex viscosity versus time. There is an initial increase in viscosity which is



178

followed by a plateau and then a final rapid increase in viscosity. The initial increase in
viscosity is due to the swelling and dissolution of the PMMA beads in liquid monomer,
while the final rapid increase in viscosity is due to polymer formation. **'** At the final
stage of plateau, the cement viscosity is the highest and the cement is fully cured. It is
clear from this figure that CMW®1 exhibits the highest initial viscosity, while the
viscosity of the reinforced cements decreases with increasing incorporation of n-TiO,.
Moreover, in the case of CMW™1, the complex viscosity rises to the highest value faster
than for any of the experimental reinforced cements.

There are two important setting parameters that can be obtained from the complex
viscosity-time curves: 1) the onset time tos, is the time for the PMMA beads to dissolve
and swell in monomer controlling the viscosity increase, and 2) the time when the cement
mass reaches the plateau of the highest viscosity, is called the curing time, tcure.133’134 As
studied by L. Hernandez ef al. %3 there is a linear relationship between tons and tg;, meaning
the faster the increase of viscosity, the faster the setting of the cement. The values of tons
and tey of the studied cements as determined from Figure 7.5 are summarized in Table
7.1. 1Tt is apparent that the magnitudes of both ty,s and tey. for CMW®1 cement increase
with an increasing amount of n-TiO; fibers. For example, with the incorporation of 1% n-
TiO, fiber, the ty,s and tee of the cement increase about 3.1 and 2.2%, respectively,
compared to CMW®1. CMW™®1 is a known fast setting cement with low t.,s and tset.l
When increasing the incorporation of n-TiO, fibers into the cement, the polymer to
monomer ratio (P/M) in the cement mixture decreases, in part leading to the lower initial

212

viscosity and longer setting times of the reinforced cements.” © Hence, at 1wt% loading,

the n-TiO, fibers does not influence the cements rheology; rather the P/M ratio plays a
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vital role to elongate the t,,s and tq.. For potential clinical injectability of the cement, the
P/M ratio can be easily adjusted for desired handling times.

7.3.1.4. Radiopacity of the cements

The radiopacity values in Al equivalent of Imm specimen thickness for CMW®1, as well
as CMW® 1 reinforced with 0.5, 1.0, 1.5 and 2 wt% functionalized n-TiO, fibers are
presented in Table 7.1. With 6% BaSO, particles, CMW®1 exhibits a radiopacity of 0.35
mm Al, which when loaded with n-TiO, up to 2% does not decrease significantly, at
P=0.05. Therefore, the incorporation of n-TiO; fibers up to the level of loading studied
experimentally does not significantly alter the radiopacity of the reinforced cement
compared to the control.

7.3.1.5. Fracture toughness

Table 7.1 compares the K¢ values of both unreinforced CMW®1 and reinforced with 0.5,
1.0, 1.5 and 2wt% functionalized n-TiO, fibers. It can be seen that the cement reinforced
with 1wt% functionalized n-TiO; fibers exhibited significantly higher K;c values amongst
all other experimental composites, being 63% higher than the control cement CMW®1 at
P<0.05. As shown in the Table, the CMW™1 bone cement exhibited a significantly lower
value of Kjc compared to the cement reinforced with n-TiO,. However, the K¢ started to
decrease with an increased loading of n-TiO; fibers (above 1wt. %). Kjc is defined as the
energy absorbed by the material prior to crack propagation.” It is a measure of the energy
required to initiate and propagate a crack in a material, which may lead to catastrophic
failure. Hence, K¢ is a very important material property for bone cements which is also
affected by the morphology and dispersion of the fillers as well as the filler-matrix

2,198

interactions. Being incompatible with the organophilic PMMA matrix, the clumps of
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BaSO, particles are debonded from the matrix during tensile loading resulting in the
generation of pores within the CMW®™1 cement. These pores act as stress concentrators
and sites for initiating crack propagation during tensile loading on the cement.”**'”* This
is also reflected by the SEM image of the fracture surface of the control cement as shown
in Figure 7.3 a, where the BaSO, particles are shown to be protruding above the fracture

plane 2,198,262

No polymer is observed to be attached to the particles, providing no
adhesion of the particles to the matrix. CMW®1 reinforced with 1wt% functionalized n-
TiO, fibers exhibited the highest value for K¢, attributed to the excellent dispersion of
the nanofibers in the polymer matrix as well as the stronger interfacial bonding between
the nanofibers and PMMA matrix, as reflected by Figure 7.3 b. As the advancing crack
plane contacts the filler material, further propagation of the crack front demands
additional energy be provided to separate the filler-matrix interface in this case, which

200
However, K c values started to

results in the increased values of fracture toughness.
decrease with an increased loading of n-TiO, fibers (over 1wt. %) attributed to the
agglomeration of the n-TiO; in the cement matrix (Figure 7.3 ¢).

7.3.1.6. Flexural strength and modulus

Table 7.1 compares the FS of both unreinforced CMW®1 and that reinforced with 0.5,
1.0, 1.5 and 2.0 wt.% functionalized n-TiO, fibers. It is clear from this Table that 1%
functionalization achieves the highest value of FS, which is approximately 24% higher
than for the control cement (P<0.05). The values of FS, similar to Kj¢, start decreasing
with increased loading of n-TiO; fiber over 1 wt.%. Table 7.1 also provides a comparison

of the FM of the cement and reinforced cements, which exhibits similar behaviour as in

the case of FS. The FS and FM of bone cement reflect its resistance to flexural loading,
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which is a combination of tension and compression forces. The flexural properties (FS
and FM) of reinforced composites are influenced mostly by the degree of interfacial
adhesion and interaction between the filler materials and matrix, which determines the
effectiveness of the transfer of interfacial shear stress from the filler to the matrix.'* The
high observed value of FS of the CMWI1 reinforced with 1 wt.% n-TiO, fibers is
attributed to the strong interfacial bonding of the functionalized n-TiO; fibers with the
acrylic matrix, which facilitates the transfer of interfacial shear stress from the filler to the

- 206
matrix.

The determined increase in FS is substantially higher than those obtained by
incorporating other nanofillers in previous works.””'®> The FS, similar to fracture
toughness, starts decreasing with increased loading of n-TiO, over 1%, which is also
attributed to the observed agglomeration of nanofibers in the cement matrix. Table 7.1
also provides a comparison of the FM of the cement and reinforced cements, which
exhibits similar behaviour as in the case of FS.

7.3.1.7. In vitro biocompatibility of the reinforced cements

Cell morphology of RCOs as revealed from the florescence microscopic images (Figure
7.6), is similar for both CMW®1 and 1% n-TiO, fiber-CMW 1 surfaces. RCOs attached
and spread on both cement surfaces by 24 hours (Figure 7.6 a, b) and reached confluency
near 72 hours (Figure 7.6 e, f). No differences in cell morphology were observed
between CMW®1 and 1% n-TiO, fiber-CMW1 at any time. Analysis of cell numbers

revealed a 3.5 fold increase at 48 hrs, and a 6.5 fold increase at 72 hrs on both the cement

surfaces (Figure 7.7 a).
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Figure 7.6. RCOs proliferation on cement surfaces in 24 hours: (a) CMW®1, (b)1% n-TiO, fiber-
CMW1; in 48 hours: (¢c) CMW®1, (d) 1% n-TiO, fiber-CMW1; and in 72 hours: (¢) CMW®1, (f) 1%
n-TiO, fiber-CMW]1. Cells were fixed with 4% PFA and stained with invitrogen’s live/dead Kkit.

Analysis of live/dead cells revealed cell viability ranging from 97 - 99% with no
significant difference (P>0.05), suggesting that both CMW®1 and 1% n-TiO, fiber-
CMWI1 are extremely biocompatible in vitro as shown in Figure 7.7 b. Therefore, it is
obvious that CMW1 retains its excellent biocompatibility even after being reinforced

with n-T10, fibers.
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Figure 7.7. a) Proliferation and b) Live/dead analysis of RCOs seeded on CMW®1 and 1% n- TiO,
fiber-CMW1.

From the above results, it can be rationalized that functionalized n-TiO, fiber acts as a
reinforcing agent for the CMW® 1 bone cement by enhancing its mechanical and physical
properties. The radiopacity was unaltered while the handling properties were only slightly
affected according to the rheology study, but not significantly affected according to ISO
5833. Moreover, incorporation of the functionalized n-TiO, fibers retained the cyto-
compatibility of the cement as confirmed from the in-vitro biocompatibility test.

7.3.2. Reinforcement of CMW®1 with n-TiO, tube

7.3.2.1. Morphological features and fracture surfaces

The morphology and microstructure of the calcined n-TiO, tubes after functionalization
were shown by SEM and TEM in Figure 5.2 in chapter 5, reflecting its hollow tubular
shape. The size and length distribution as shown in the same figure, revealed a mean
value of the diameter and length of the n-TiO, tubes as 8§ nm and 1.67 um respectively.
The micrographs of the fracture surfaces of the cements obtained after the K¢ test were

examined by SEM and are shown in Figure 7.8.
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Figure 7.8. SEM: (a) Fracture surface of CMW?®1; (b) Fracture surface of 1% functionalized n-TiO,
tubes-CMW1 and (c) Fracture surface of 2% functionalized n-TiO, tubes-CMW1.

The fracture surface of the CMW®™1 cement (control) is shown in Figure 7.8 a, while
Figure 7.8 b and ¢ show the fracture surface of CMW®1 cement matrix loaded with 1 and
2wt% functionalized n-TiO, tubes, respectively. As shown in Figure 7.8 a, the BaSO4
particles are loosely embedded in the CMW®1 cement matrix with many of them
removed from the matrix due to the poor adhesion. Figure 7.8 b shows that the n-TiO;
tubes are strongly delaminated in the matrix while surrounded by the BaSO, particles.
However, at 2wt% loading the n-Ti0O, tubes become agglomerated in the cement matrix
(Figure 7.8 ¢). The functionalized n-TiO, tubes establish strong adhesion to the cement
matrix resulting from the covalent chemical bonding between the nanotubes and the
acrylic matrix.

7.3.2.2. Setting parameters of the reinforced cements

The setting parameters, (tdough, tset, and Trax), of CMW® 1 and CMW1 loaded with 0.5,
1.0, 1.5 and 2.0 wt.% n-Ti0O; tubes were determined from the time-temperature graphs of

the curing cements with the values listed in Table 7.2. As shown in this table, the Tpax
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exhibited the highest value for the control, i.e. 90.33 °C, with this value decreasing with

increasing % incorporation of the functionalized n-TiO; tubes.

Table 7.2. Physical and mechanical properties of CMW® 1 and n-TiO, tubes-CMW1 composites.

Cement

Cement property
Control 0.5wt.% n -TiOztube-  1.0wt.% n -TiOztube-  1.5wt% n-TiOztube- 2 wt.% n-TiOz tube-
CMW1 composite CMW1 composite CMW1 composite CMW1 composite
takough (mMirn) 2.10 {0.08)* 2.14 (0.07)® 2.21 (0.14)® 2.26 (0.18)° 2.33(0.03®
tyer (MR 5.77 (0.02)® 5.81 (0.05)% 5.88 (0.04)® 5.05 (0.05) 6.05 (0.04)°
Trna (°C) 90.33 (1.28)* 88.22 (0.66)" 87.29 (1.80)%® 86.13 (1.90)° 79.10(3.93F
tore (MmN 5.71(0.04 5.75 (0.05)° 578 (0.05)° 5.81(0.05)" 5.85(0.08)*
toure (min) 6.24 (0.02)° 6.26 (0.02)™ 6.40 {0.04)° 6.47 (0.04)° 6.55{0.05)°
Radiopacity (mm Al) 0.32 (0.018)* 0.32 (0.008)° 0.31 (0.004)® 0.20 (0.02) 0.30 (0.008)*
Kic (MPa.m'®) 0.80 (0.03)" 1.11 (0.08)° 1.42 (0.09) 1.34 (0.11)% 1.28(0.14)°
FS (MPa) 83.76 (2.08)* 75.31 (1.94)" 90.73 (2.88)° 75.95 (1.93)° 75.92 (1.56)°
FM (GPa) 2.44 (0.08)* 3.27 {0.07)" 3.81 (0.09)° 3.46 (0.03) 3.33(0.07)°

Mean (285E), P<0.05

Conversely, the value of tyougn and te for each of the reinforced cements increased with

increasing wt.% of the n-TiO, tubes. The observed decrease in the polymerization

exotherm is attributed to the additional surface area provided by the n-TiO, tubes (both

internal and external) dissipating the heat of polymerization.”** Similarly, an increased

amount of n-TiO, tubes contributes to the presence of residual monomer which may

diffuse slowly out of the tubes causing the observed longer working and setting times for

the reinforced cements.>>**%! However, like n-TiO, fiber, with a small loading of n-TiO,

tubes (up to 1 wt.%), this phenomenon did not play a significant role, reflecting the result

that the polymerization exotherm and dough and setting time do not significantly change

with the addition of 1 wt.% n-TiO, tubes in comparison to CMW®1 at P>0.05 (Table

7.2).



186

7.3.2.3. Rheology of the reinforced cement during curing

Rheological properties of the curing cement were evaluated in terms of the viscosity
change with time during the setting period. Figure 7.9 shows the complex viscosity of the
CMW®1 cement and CMW 1 reinforced with 0.5, 1.0, 1.5 and 2.0 wt.% functionalized n-

TiO, tubes as a function of time, at a temperature of 37 °C.
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Figure 7.9. Viscosity during setting of CMW®1 and n-TiO, tubes-CMW]1.

It is clear from this Figure that CMW®1 exhibits a higher initial viscosity than that of the
reinforced cements with increasing incorporation of n-TiO; tubes. Moreover, in the case
of CMW®1, the complex viscosity rises to the highest value earlier than for any of the
experimental reinforced cements. However, the behaviour of the complex viscosity with
respect to time in terms of to,s and tee does not exhibit any statistically significant
difference between the control and the reinforced cement with up to 1 wt.% of n-TiO,

tubes, P>0.05, as displayed in Table 7.2. In the traces of complex viscosity versus time,
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all the examined cements exhibit an increase in viscosity from the slow initial start up
phase to the rapid final plateau reflecting the transition from viscous to elastic (cured)
phase. The initial increase in viscosity is due to the swelling and dissolution of the
PMMA beads in liquid monomer, while the final rapid increase in viscosity is due to the

: o 26,134
free radical polymerization of monomer.™

There are two important setting parameters
that can be obtained from the complex viscosity-time curves: 1) toys, is the time for the
prepolymerized PMMA beads to control the viscosity increase through swelling and
dissolution in monomer, and 2) ty., Which is the time for the cement to reach the plateau

133,134 The values of tons and teye Of the studied cements, as

of the highest viscosity.
determined from Figure 6.8, are summarized in Table 7.2. The magnitudes of both tops
and t.,. for the modified cements increase with an increasing amount of n-TiO, tubes.
For example, with the incorporation of 1% n-TiO, tubes, the value of t,,s and tey. of the
cement increases by about 1.22 and 0.95%, respectively, compared to CMW®1. When
increasing the percentage n-TiO; tube in the cement, the proportionate reduction of
PMMA beads leads to a decrease in the polymer/monomer ratio (P/M) in the cement
mixture, in part leading to the observed lower initial viscosity and longer setting times of
the reinforced cements. Hence, at all loadings, the n-TiO, tubes do not significantly
influence the cements rheology; rather the P/M ratio plays a vital role to elongate the tos
and tey. However, with a small loading of n-TiO; tubes (up to 1 wt.%), this phenomenon
did not play a significant role, reflecting the result that the t,,s and t.,.. do not significantly

change with the addition of 1 wt.% n-TiO, tubes when compared with CMW®1 at P>0.05

(Table 7.2).
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7.3.2.4. Radiopacity of the reinforced cements

The radiopacity values in Al equivalent of lmm specimen thickness for CMW®1, as well
as CMW 1 reinforced with 0.5, 1.0, 1.5 and 2 wt% functionalized n-TiO, tubes are
presented in Table 7.2. With 6% BaSO, particles, CMW®1 exhibits a radiopacity of 0.33
mm Al, which when loaded with n-TiO; tubes up to 2%, does not decrease significantly,
at P>0.05.

7.3.2.5. Fracture toughness of the reinforced cements

Table 7.2 displays the Kjc values of the CMW®1 reinforced with functionalized n-Ti0,
tubes at 0.5, 1.0, 1.5 and 2% loading, as well as the control cement. It can be seen that the
cement reinforced with 1wt.% functionalized n-TiO; tubes exhibits significantly higher
Kjc values amongst all other experimental composites, being 73% higher than the control
cement CMW®1 at P<0.05. However, there is a decreasing trend of Kjc values at loading
over 1% n-TiO, tube. As mentioned earlier, K;c is a measure of the fracture tolerance
capability of the bone cement, which is mostly affected by the adhesion of the fillers with
the cement matrix. It was shown in Figure 7.8 a that the BaSO, particles are protruding
above the fracture plane of the CMW®1 cement, due to the weak adhesion of the particles
to the matrix. This poor adhesion accelerates debonding of the particles during tensile
loading, resulting in the generation of microvoids within the matrix. These microvoids
coalescence with the crack and accelerate its propagation through the matrix.'®'*%2%
Functionalized n-TiO, tubes establish strong adhesion as well as enhanced interfacial
interaction with the matrix, which can be noticed from the coherent continuous interface
between the n-TiO, tubes and the cement matrix (Figure 7.8 b). This strong adhesion may

help the modified cements in resisting and deflection of crack propagation generated
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from the voids caused by debonding of the BaSO, particles, which is also evidenced by
the rough fracture surfaces. This observation is in aggrement with the literature.”***
However, at 2 wt% loading the n-TiO; tubes tend to agglomerate within the matrix and
exhibit poor interaction resulting in lower mechanical properties compared to the
composite reinforced with 1wt.% n-TiO, tube (Figure 7.8 ¢).

7.3.2.6. Flexural strength and modulus of the reinforced cements

Table 7.2 compares the FS of CMW®1 and CMW 1 reinforced with 0.5, 1.0, 1.5 and 2.0
wt% functionalized n-TiO, tubes. It is clear from the tabulated data that the cement
reinforced with 1% n-TiO, tubes achieves the highest value of FS and FM which are
approximately 42% and 56% higher than the control cement respectively (P=0.05).
However, the FS, similar to Kjc, starts decreasing with increased loading of n-TiO, tubes
over 1%. Table 7.2 also provides a comparison of the FM values of the CMW®1 and
reinforced cements, which exhibit similar behaviour as in the case of FS. The results
obtained for the FS and FM of the control and reinforced cements as given in Table 7.2
can also be explained by considering the degree of interfacial adhesion between the fillers
and matrix. The extended and strong interfacial adhesion between the functionalized n-
TiO, tube and acrylic matrix facilitate the effective transfer of the interfacial shear
strength through the interface, which leads to the increased FM value of the reinforced
cement.””**"” A higher strength was obtained for the n-TiO, tube reinforced composite
compared to that provided by the n-TiO, fiber at same level of loading. Hence, the hollow
structure of the nanotube is believed to provide additional interlocking with the matrix
through both the interior and exterior surfaces of the tubes. This is why the cement

reinforced with 1 wt.% functionalized n-TiO, tube results in a marked increase in FS,
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which is accompanied by an increase in the FM. The determined increase in flexural
properties is substantially higher than those obtained by incorporating different
nanofillers in other works, as poorly bonded fillers cannot contribute effectively to an
increase in FS.”!% The value of FS and FM in this work, similar to K¢, starts
decreasing with increased loading of n-TiO; tube over 1 wt%, which is also attributed to
the observed agglomeration of nanotubes in the cement matrix.

7.3.2.7. In vitro biocompatibility of the reinforced cements

Figure 7.10 shows the adhesion and proliferation of RCOs on the control and reinforced
cement surfaces over three days. The cell morphology of RCOs as revealed from this
figure, is similar for both the CMW®1 and 1% n-Ti0, tube-CMW1 surfaces. RCOs
attached and spread on both cement surfaces by 24 hours (Figure 7.10 a, b) and reached

confluency near 72 hours (Figure 7.10 e, f).
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Figure 7.10. RCOs proliferation on cement surfaces in 24 hours: (a) CMW®1, (b)1% n-TiO,
tube- CMW1; in 48 hours: (¢) CMW®1, (d) 1% n-TiO, tube-CMWT1; and in 72 hours: (e)
CMW®1, (f) 1% n-TiO, tube-CMW]1. Cells were fixed with 4% PFA and stained with
invitrogen’s live/dead Kit.

No differences in cell morphology were observed between CMW®1 and 1% n-TiO, tube-

CMWI1 at any time.
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Figure 7.11. a) Proliferation and b) Live/dead analysis of RCOs seeded on CMW®1 and 1% n-TiO,
tube-CMW1.

Analysis of cell numbers revealed a 3.5 fold increase at 48 hrs, and a 6.5 fold increase at
72 hrs on both the cement surfaces (Figure 7.11 a). Analysis of live/dead cells revealed
that the cell viability ranged from 95 - 98% with no significant difference (P>0.05)
suggesting that both CMW®1 and 1% n-TiO, tube-CMW1 are extremely biocompatible
in vitro as shown in Figure 7.11 b. Therefore, from the cell-reinforced cement interaction
as revealed from this study, it is obvious that the reinforced cement retains its cyto-
compatibility after being reinforced with n-TiO, tubes.

From the above discussion, it can be rationalized that the functionalized n-TiO, tubes act
as an effective reinforcement of the commercial bone cement by significant enhancement
of its mechanical properties. The reinforcement did not alter other important physical
properties of the cement such as radiopacity, setting and rheological characteristics.
Moreover, incorporation of the functionalized n-TiO, tubes retained the cyto-

compatibility of the cement as confirmed from the in-vitro biocompatibility test.
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7.4. Conclusion

Nano-sized titania fibers (n-TiO, fibers) and tubes (n-TiO, tubes) were successfully
incorporated into CMW®] bone cement matrix as reinforcing fillers to produce
nanocomposite bone cement. Enhanced mechanical properties of these nanocomposites
was achieved due to the chemical interaction between these nanomaterials and the
PMMA matrix. Amongst all tested nanocomposites, 1wt% n-TiO, tube provided the
highest magnitude of flexural strength and fracture toughness with substantially higher
values than those provided by the optimized 1wt% n-TiO; fibers. High aspect ratios (L/D:
209:1) and the hollow cylindrical shape of the functionalized n-TiO, tube establish
extended and strong interfacial adhesion compared to that exhibited by the rigid n-TiO,
fibers. Moreover, the optimized loading of the nanomaterials did not alter the handling
properties, radiopacity and bio-compatibility of the commercial CMW®1 cement.
Nevertheless, being chemically bonded with the PMMA matrix of the cement,”® the
nanomaterials are less likely to become loose during wear, providing the possibility for
longer service life.”® This study demonstrated a novel technique to reinforce a wide
variety of dental and orthopaedic cement without altering other expected properties such

as radiopacity, rheology and biocompatibility.
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Chapter 8: Summary and Conclusions

8.1. Outline

The successful reinforcement of poly(methyl methacrylate) matrix by nanostructured
titania fiber and tubes shows that the incorporation of one-dimensional nanomaterials is a
promising technique for augmenting the mechanical properties of acrylic based bone
cements. The novel functionalizing technique presented in this thesis can be applied to a
wide variety of ceramic oxide nanomaterials in order to establish chemical adhesion
between the nanofillers and organic polymer matrix. The major outcomes from these
studies include: (1) functionalized nanomaterials up to a certain limit of loading exhibit
homogenous dispersion in the polymeric continuous phase; (2) one dimensional
nanomaterials provide enhanced interaction with the polymer matrix because of their
higher aspect ratio than that of the particulate materials; (3) reinforcement using
nanomaterials is a promising technique only when there is a homogenous distribution of
the nanomaterials to provide strong adhesion with the continuous phase; and (4) there is
certain a critical loading of nanomaterials in the matrix which can provide effective
reinforcement while keeping the rheology of the polymer unaffected.

The mechanical behaviour of any kind of composite reflects the interaction between the
various phases. If there is no binding between the two phases either chemical or physical,
the material’s response to strain will be the same as the matrix which contains holes of a
shape identical to that of the filler. On the other hand, if there is adhesion between the
two phases, even at low strains, stress transfer can take place across the interface, thus

allowing the filler to share the stress and by doing so, provide a reinforcing effect. In this
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study, the obtained reinforcing effect of the nanomaterials is attributed mainly to the
strong interfacial chemical adhesion between the nanomaterials and the PMMA matrix.
Titania nanotubes were found to be superior to titania nanofibers for the reinforcement of
the acrylic matrix which is due to the higher aspect ratio of the nanotubes as well as the
capability of the hollow nanotubes to bind to the matrix through their interior and exterior
surfaces. However, both of these nanomaterials did not provide sufficient radiopacity to
the PMMA matrix at the optimum level of loading which seems to be a major limitation
for the potential application of the nanocomposites as bone cements.

In an attempt to address this limitation, this study focused on two different approaches:
(1) treatment or modification of the titania nanomaterials to increase its radiopacity and;
(2) incorporation of the nanostructured material into the commercial acrylic bone cement
as reinforcing fillers while keeping the radiopacity of the cement intact.

The modification of the titania nanotubes was performed through a novel one stage
hydrothermal technique by in-situ incorporation of strontium atoms into the layers of the
titanate nanotube. The nanostructured titania tube modified with strontium atoms was
shown to reasonably increase the radiopacity of the PMMA matrix. In addition, the
presence of strontium favourably increased the biocompatibility of the nanocomposite to
osteoblast cells. Strontium is chemically similar to calcium, which is one of the elements
of bone mineral. The in situ modification technique presented in this study shows a
promising way to incorporate different inorganic materials into tube layers for a wide
variety of applications.

Moreover, the reinforcement of commercial bone cement by the functionalized

nanofibers and nanotubes provides a promising alternative for augmenting the existing
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clinically used cements. As studied in this work, the loading of the functionalized
nanomaterials was sufficiently small to alter the important cement properties of the
commercial materials such as setting, flow, polymerization heat, biocompatibility and
radiopacity. However, the mechanical properties were significantly increased because of
the homogeneous dispersion of the nanomaterials with strong chemical adhesion with the
matrix. This novel technique also demonstrates its potential in dental applications. In
restorative dentistry, it is very common to use flowable resin composites in conjunction
with a high stiffness restorative composite as an intermediate layer to relieve the
contraction stress from the in-situ polymerization of the high modulus restorative.
Typical characteristics of the flowable composites are low filler content which allows
easy and convenient handling and insertion. Because of the low filler content, many
commercial flowable composites are sufficiently weak to withstand significant occlusal
force. The novel technique of incorporating nanomaterials in the commercial cement
studied in this work can also be applied to enhance the mechanical properties of flowable
composites which would act as reinforcing agents without altering flow properties.

8.2. Limitations of the work

There are some limitations of this study, which include the non-clinically relevant manner
in which the cement powder and liquid monomer were mixed without following the
vacuum mixing method. Moreover, omission of determining the fatigue life, fatigue crack
propagation resistance and long term wear of the nanocomposites limits its immediate
applicability and necessitates future work. However, the improvement in fracture

toughness indicates a possible improvement in the fatigue life.*** Similarly, being
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chemically bonded with the PMMA matrix of the cement,”’ the titania nanomaterials are
less likely to become loose during wear, providing the possibility for longer service life.*’
8.3. Future work recommendation

Recommendations for future work include:

1. Fatigue properties of the nanocomposites needs to be studied under sinusoidal cyclic
loading to determine their life in the human body. One testing protocol reported in the
literature is to use a four-point bending arrangement recommended by ISO5833 (ISO
2002). , The fatigue test will be carried out at frequencies ranging between 2-5Hz at stess
levels 4-40N for five to ten million cycles in a buffered saline solution at 37 °C until
failure occurs.

2. The amount of residual monomer of the reinforced composites as well as the leaching
of unreacted monomer and activator enclosed in the bulk composites with time needs be
studied by NMR and IR analysis as residual monomer content is a very important
toxilogical issue for bone cement application.

3. The hydrothermal reaction to modify the titania nanotube with strontium atom need to
be optimized in terms of concentration of strontium atom in the nanotubes. Moreover, the
modified nanotubes need to be studied by HRTEM, XPS and XRD to evaluate the
chemical and physical state of strontium oxide in the nano-tubular titania and how this
can be controlled by the synthesis conditions.

4. In-vivo biocompatibility of the reinforced cements needs to be studied by implanting
the cement in rat tibia for an extensive period of time.

5. The hydrothermal technique can be used to incorporate ferromagnetic materials such as

cobalt and nickel oxide into the titania nanotube. These magnetically modified nanotubes
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can be used to develop anisotropic nanocomposites by incorporating the modified

nanotube in the polymer matrix in the presence of a strong magnetic field.
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Appendix 2. Molecular weight distribution of PMMA powder obtained from Ivoclar
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Appendix 3. X-ray diffraction of commercial titania nanopowder obtained from
Sigram-Aldrich
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Appendix 4. Composition of the CMW®1 cement as supplied by the

manufacturer

Constituent Composition
Bone cement Powder

Paolymethyl Methacrylate (%awiw)  88.85
Benzoyl Peroxide {Yawiw) 205

BaSOy (Yawiw) 9.1

Bone cement Liguid

Methy| Methacrylate (Yowiw) 28.5
M,N-Dimethy -p-toluidine (Fowiw) 1.5
Hydroguinone (ppm) k<]
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Appendix 5. Average molecular weight distribution of the prepolymerized PMMA
of the powder part of CMW®1
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