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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-Ti10,) 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 bresulting 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 Kic (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 synthésis. 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
phasé. 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 Kic (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

1.1.0verview

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.1 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).12
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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.
Ceménts 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 pm. 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 um.l

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
arométic 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.13

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."!® The physical processes involved throughout the setting of the cement are
wetting of the prepolymerized paﬁicleé 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 phenomenon 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 dperation. 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

cement has to perform in the aggressive environment of the body,m'15

with the ability to
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
: inclﬁde 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

. o . . 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.”’m’]9

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.18 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
modulus indicates both the elastic and viscous response of the material***' 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 (Kic) when characterizing bone cement.

Kc 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 parametér 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." 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.” For
this reason, radiopaque media are added to PMMA bone cements. Barium sulphate
(BaSO,) or Zirconium dioxide (ZrQ,) are used as radiopacifiers in all commercially
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.l
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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.”> 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 et 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 et 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 er 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.>>




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%
respective-ly.42 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.6 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 aﬁy chemical adhesion to the polymer chains, these inorganic radiopacifying
agents can only interact with the agrylic 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
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or discontinuity to propagate through the cement.*%*** The microstructure of the
radiopacifying particles plays a vital role here. Spherical shaped BaSOj 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.13
Animal experiments with different cell cultures have shown greater differences in bone
resorption around the bone cement application area when using BaSOy in comparison to
ZrOz.u’52 Barium has also been shown to intensify the release of inflammatory mediators

in response to PMMA pa.rticles.5 3
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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
radiopacit'1<:r.49'55

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 radiopa(jue 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 et 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 pm 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 er 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 BaSO,4 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.
Hemandez 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,. 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.

18 prepared polymer beads based on copolymers of methacrylic monomers

Davy et a
containing the group triitodobenzoate, 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-
1odobenzoyl]-oxo-ethyl-methacrylate (4-IEMA).”® These cements have intrinsic
mechanical properties in compression tests superior to those of BaSOs-containing
cements. Results of in vitro biological evaluation of this novel radiopaque cement did not
differ from those of translucent PMMA or BaSOy-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 et 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, Kyc 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 Kjc. The biocompatibility of the iodine-
containing cements is good, showing neither chronic inflammatory response nor
macrophages in the area of the implanted rods in rats.8% Following this approach, Artola
et al.”® have formulated radiopaque acrylic cements with different amounts (5-20 % v/v)
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'-triiodobenzoyl] ethyl
methacrylate (TIBMA) and 3,5-diiodosalicylic methacrylate (DISMA).® The mechanical
evaluation of the resulting cements showed an increase in the compressive strength and
eléstic modulus in comparison to BaSOs-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. Bebhiri 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 (Al,O3)
particles treated with y-MPS to prepare radiopaque acrylic bone cements as shown in

scheme 1.
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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.69 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 ez 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.64

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 ultfa 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 et al.”! investigated the feasibility of using UHMWPE fibers
aé 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 Kjc
remained 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 et 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 0O 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 et 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.'>’8

B. Pourdehyimi et 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 Kj¢c using 14% fibered Ti and 14% BaSO, which is about
30% higher than the control cement containing pure BaSO,; However, their effect on
rheblogy and setting time were not reported. In another work done by S. Kotha et 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 er 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 Kic 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
mechanicél 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 ZrQO, fibers having 30 um diameter, the Kjc of the
resulting cements was improved by 41% compared to the control cement containing 6
wt% of BaSOa.

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 et 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 matnix.

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 Kic 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 Kic 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
interactioﬂs. 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 substantiaily 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.96
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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
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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 MWCNTSs 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 plrosthesis.gg’100
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 er al'® investigated the inclusion of calcium carbonate (CaCO;)
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% CaCO; 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% CaCOj; 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 CaCOs 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.

19 reported the enhancement of mechanical strength of a commercial bone

Gomoll et al.
cement by incorporating nano-sized (100 nm) BaSO, 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 BaSO4 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-BaSOj particles, the ultrafine nanoparticles may
separate from the PMMA matrix and reach the surrounding biological tissue resulting in
inflammation and implant loosening.

A. Ricker et al.'™ investigated the effect of nano MgO and nano BaSO, 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 05107
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 BaSO,4 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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between the filler and the matrix.'® Nanostructured fillers in the bone cement matrix
promote filler-matrix interactions, enhancing mechanical properties as described above.
However, limitation in the ab