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palavras-chave

resumo

Cimento dsseo acrilico, vidro bioativo, compésitos, polimero biodegradavel,
libertacao de farmaco, ibuprofeno, resposta celular.

O cimento ésseo acrilico € o Unico material utilizado para a fixagcao de proteses
em cirurgias ortopédicas, surgindo como uma alternativa as técnicas nao
cimentadas. Cerca de um milhdo de pacientes sdo anualmente tratados para a
substituicdo total da articulagdo do quadril e do joelho. Com a maior
expectativa de vida da populagdo e o aumento do nimero de cirurgias
realizadas por ano espera-se que 0 uso do cimento ésseo aumente
substancialmente.

A fraca ligacdo do cimento ao 0sso é um problema comum que pode causar
perda asséptica da protese. Assim, torna-se necessario investir no
desenvolvimento de cimentos 6sseos alternativos que permitam promover
maior estabilidade e melhor desempenho do implante.

O principal objetivo desta tese foi desenvolver um cimento 6sseo bioativo,
capaz de ligar-se ao osso, com propriedades melhoradas relativamente aos
sistemas convencionais. A preparacdo dos materiais foi realizada por dois
processos diferentes, a polimerizacéo por via térmica e a polimerizagéo por via
quimica.

Inicialmente, utilizando o processo térmico, foram desenvolvidos compdsitos
de PMMA-co-EHA reforcados com vidro de silica (CSi) e vidro de boro (CB) e
comparados em termos do seu comportamento in vitro em meio acelular e
celular. A formacéo de precipitados de fosfato de calcio foi observada sobre a
superficie de todos os compésitos indicando que estes materiais sao
potencialmente bioativos. Em relacdo a avaliacao bioldgica o CSi demonstrou
um efeito indutor da proliferacdo das células. As células apresentaram uma
morfologia normal e alta taxa de crescimento quando comparadas com o
padrdo de cultura. Por outro lado ocorreu inibicdo da proliferacdo celular para o
CB provavelmente devido a sua elevada taxa de degradagéo, levando a uma
elevada concentracao de i6es de B e de Mg no meio de cultura.

O efeito do vidro nos cimentos curados por via quimica, incorporando um
activador de baixa toxicidade, também foi avaliado. Os resultados sugerem
gue as novas formulacdes podem diminuir o efeito exotérmico na cura do
cimento e melhorar as propriedades mecanicas (flexdo e compressao). Outro
estudo conduzido neste trabalho explorou a possibilidade de incorporar
ibuprofeno (farmaco anti-inflamatério) no cimento, dando origem a um material
capaz de ser simultaneamente, bioativo e promotor da libertacao controlada de
farmacos. Neste contexto foi evidenciado que o desempenho do cimento
desenvolvido pode contribuir para minimizar o processo inflamatério associado
a uma cirurgia ortopédica.

Finalmente, a fase sdlida do cimento Osseo bioativo foi modificada por
diferentes polimeros biodegradaveis. A adigdo deste enchimento deu origem a
um cimento parcialmente biodegradavel que pode permitir a formacdo de
poros e o crescimento ésseo para o interior do cimento, resultando numa
melhor fixac&o da prétese.
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Acrylic bone cement, bioactive glass, composites, biodegradable polymer, drug
delivery, ibuprofen, cell response.

Acrylic bone cement is the only material currently used for anchoring the
prosthesis in orthopaedic surgery, being an alternative to non-cemented
techniques. About one million patients worldwide are treated annually for total
replacement of hips and knee joints. With the longer life expectancy of the
population, and the increasing number of surgeries performed every year, the
use of acrylic bone cements is expected to rise substantially.

The non bone bonding capability of the cement is a common problem which
can cause aseptic loosening of the prosthesis. Thus, alternative cements must
be developed to provide higher stability and better performance of the implant.
The main objective of this thesis was to develop a bioactive bone cement, with
bone bonding capability, and better properties than the conventional cement.
Two different methods of preparation were used in this study, polymerization by
chemical route (self-cured) and polymerization by thermal route (heat cured).
Initially, through the thermal route, PMMA-co-EHA composites filled with a
silicate glass (CSi) and a borate glass (CB) were developed and compared in
terms of their in vitro behaviour, both in acellular and in cellular media. The
growth of spherical calcium phosphate aggregates was observed in acellular
medium on all composite surfaces indicating that these materials became
potentially bioactive. Considering the biological assessment, the CSi
demonstrated an inductive effect on the proliferation of cells. The cells showed
a normal morphology and high growth rate when compared to standard culture
plates. On the other hand, inhibition of cell proliferation occurred in the CB
probably due to its high degradation rate, leading to high B and Mg ionic
concentration in the cell culture medium.

The effect of glass in self cured cements, incorporating an activator of reduced
toxicity, was also assessed in this work. The results suggested that the new
formulations may lessen the exothermal effect on curing and improve the
mechanical properties (bending and compressive). Another study conducted in
this thesis explores the possibility of incorporating ibuprofen (anti-inflammatory
drug) into the cement, aiming the development of a composite that
simultaneously show bioactive behaviour and controlled drug release . It was
evidenced that, regarding the drug release, the performance of the developed
cements can contribute to blunt the inflammatory process associated to an
orthopedic surgery.

Finally the solid phase of the bioactive self-curing acrylic cements was modified
by different biodegradable polymers. The addition of the biodegradable fillers
made the cement partially degradable, which could allow the formation of pores
and the ingrowth of bone to the interior of the cement, resulting in a stronger
fixation of the prosthesis.
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CHAPTER 1

HISTORY AND CURRENT STATE OF ACRYLIC BONE CEMENTS

HISTORY

Bone cements are substances used to fix prostteesie bones often in joint replacements
surgeries and to repair damaged or diseased aredwrms. Most of the bone cements
commercially available and currently used in orédip procedures are acrylic cements. The basic
component of the acrylic bone cement is methyl matflate (MMA) which is an ester and can
polymerize to form poly(methyl methacrylate) (PMMA)arge scale chemical synthesis of MMA
was achieved in the 1920s in the laboratories dfniRand Haas, and one of the first biomedical
applications of PMMA was the fabrication of dentune 1935 [1, 2]. In the same period (1936) the
company Kulzer found that prepolymerized PMMA pow(moly(methyl methacrylate)) could be
partly dissolved in MMA, forming a dough that handewhen benzoyl peroxide (BPO) is added
and the mixture is heated to 100 °C in a stone didkulzer is at present the producer of the
Palacos®, a commercial acrylic bone cement usedipaedic surgeries.

The first clinical use of this dough was in an e to close cranial defects in monkeys in
1938. Seven years later it was discovered thapdhemerization of MMA could occur by itself at
room temperature if a tertiary amine (N,N-dimethyieluidine, DMT) was added, leading to the
establishment of a protocol for the chemical praéidmcof acrylic bone cements in 1943 [3, 4].

PMMA was first introduced in the orthopedic surgény Dr. Jean Judet and his brother, Dr.
Robert Jude. The Judet brothers developed a hipthmsis made from PMMA, which was
implanted in 1946 [5]. In 1951 Kaier and JanseR@apenhagen were the first to use PMMA bone
cements for the fixation of acrylic cups to the cuindral bone of the femoral head [6].
Nevertheless, it was Sir John Charnley who popaddritheir use in 1958 and presented the
preliminary results of a new method for the fixatiof joint prostheses to bone. The idea was to
distribute the contact stresses between the im@adtthe bone over a large area by means of
acrylic bone cement. This idea represented an itapbbreakthrough in the field of orthopaedics
and led to the development of a worldwide succédsithnique. The main advantages of the
cemented prostheses lay in the excellent primagtiin, in the even load distribution between the
implant and the bone, and in the fact that thertiegle allows a fast recovery of the patient [7].

The addition of antimicrobial agents to acrylic boeements began as early as 1970.
Engelbrecht and Buchholz started investigation®®MA cement to determine its suitability as a

drug delivery system [8-10]. Since 1972, radiopamerials, like barium sulphate (Bag@r



zirconium dioxide (Zr@), have been added to the bone cement in orderotode radio-opacity
[11]. In the 1980s acrylic bone cements were atgooduced to treat vertebral compression
fractures caused by osteoporosis, skeletal meésstaml angiomas [12].

Since then many types of bone cements have beezioped. Nowadays, there are over 30
commercially available acrylic bone cement brangsr@ved by the relevant regulatory authorities
(such as the Food and Drug Administration, FDAthe US and the Medical Devices Agency in
the UK), for use in cemented arthroplasties [18]Pbrtugal, the INFARMED is the Portuguese
Regulatory Agency for pharmaceuticals, which isitigitution in charge of guaranteeing that the

legal requirements for the marketing of medicinesraet.

BIOMEDICAL APPLICATIONS

The PMMA gained its popularity during World War Hs a polymer for biomedical
applications, when polymer fragments accidentatiplanted in the eyes and other body tissues of
pilots during aircraft crashes did not cause damagtie body [14]. When used for orthopedic
applications, certain additions are made to PMMA #ous it receives the name of bone cement

Bone cements have been used as a fixation mediamumber of joint replacements including
knee, hip, shoulder, elbow, ankle, and wrist regriaents. In recent years, its application has been
expanded to vertebroplasty, a procedure in whiamere is injected percutaneously into the
vertebral body in order to stabilize fractures tbatur primarily as a result of osteoporosis.
Another variation of this procedure is khyphoplasturing which a balloon is inserted
percutaneously into the vertebral body, inflatedestore the height of the compressed vertebrae
and subsequently filled with injected bone cememt stabilize the fracture. These newer
applications of bone cement have been successfali@ving pain and restoring vertebral strength
and function [15, 16]. Some applications of bon@eets are depicted in Figure 1.

In 2002, Khan et al. [17] conducted a systematitere of the literature on treating patients
with displaced intracapsular femoral neck fracturBse authors concluded that the publications
tended to support the use of cemented hemiarttstyplsuggesting a lower revision rate, less thigh

pain and better mobility in patients whose prosthesis cemented.
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Figure 1: Biomedical applications of a bone cement.

Nowadays the major orthopaedic surgical procedaregotal hip and knee joint replacements
with 1 million performed worldwide annually. A laggproportion of these are anchored to the
contiguous cancellous bone in an acrylic bone cérbed [13]. The clinical success rate for
cemented implant with 15 years exceeds 90%, edjyettiase of the hip and knee in patients aged
over 50 years [18]. In developed countries thelecbpne cements are used in more than 90% of
total hip surgeries [19, 20]. In Sweden, over thaqul 1979-2000, about 97% of primary total hip
replacements (THRs) were cemented [21], and inUthited States, 77% of primary total knee
replacements (TKRs) were cemented. The majorityotdl replacements of other joints is also
cemented. With the “graying” of the populations many countries it is expected that the use of

acrylic bone cements rise substantially [13].

Total Hip Replacement

A large range of rotary motion is permitted at tiip due to the fitting between femur and
pelvis; the top of the femur terminates in a bhlyzed head that fits into a cup-like cavity (the
acetabulum) within the pelvis. This joint is sudielp to fracture, which normally occurs at the
narrow region just below the head, through the faeeck. The hip may also become diseased by
osteoarthritis; in this case small lumps of bonenf@n the rubbing surfaces of the joint, which
causes pain as the head rotates in the acetabuldra pint replacement is necessary. Damaged
and diseased hip joints have been replaced wificattjoint successfully [22].

One of the major issues confronting contemporagy s$urgeons is the choice of fixation

method. There is no consensus among orthopedigerdiag the appropriate conditions for



prosthesis fixation. However, neither cementedurmmremented fixation excludes the likelihood of
prosthesis loosening [23]. A schematic diagramheftotal hip replacement is presented in Figure

2.
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Figure 2: Components of the total hip arthroplasty (THA) sys{22]

The hip implant fixation can be cemented, uncenteatéhybrid [24, 25].

Cemented fixation: The acrylic bone cement is used to hold the femaral acetabular

components in place. The cemented hip replacensigsron a stable interface between the
prosthesis-cement-bone resulting in a faster réitattin. Although cemented implants have a long
and distinguished track record of success, theyarédeal for everyone. This fixation method is
more commonly recommended for older patients, &drepts with conditions such as rheumatoid
arthritis, and for younger patients with comprordisealth or poor bone quality and density.

Uncemented fixation: The fixation is made through direct contact to éavithout the use of

cement. The implants are textured or have a sudaaéng (osteoconductive coating) providing
bone growth into their surface. In general, thessighs are larger and longer than those used with
cement. Because they depend on new bone growthktdbility, uncemented implants require a
longer healing time than cemented replacementss fi@thod is most often recommended for
younger, more active patients and patients withdgoone quality where bone ingrowth into the
components can be predictably achieved.

Hybrid fixation: A hybrid total hip replacement has one componastially the acetabular

socket, inserted without cement, and the other corapt, usually the femoral stem, inserted with

cement. This technique was introduced in the e£980s.



The superiority of either fixation method has heten proved conclusively because of the
influences of confounding variables, such as patage, sex, body weight, and diagnosis [26].

Most of the literature showed that better short amd-term clinical and functional outcomes
could be obtained from cemented femoral fixatioantfirom uncemented femoral fixation [23].
Recent meta-analyses also support superior residltsement fixation when compared to
uncemented fixation in large subsets of patientufns [27]. Table 1 presents the rate of
revision prostheses according to the fixation methehich also proves that the cemented fixation
still shows statistically the best results in terofighe whole THA population. In accordance still
with the table uncemented prostheses have the werkirming, resulting in a higher incidence of

revision for the studied period [28, 29].

Table 1. Revision rates for the fixation methods used irATE3].

Revision rates by prosthesis type at one, three fevad years for primary hip replacement
procedures, undertaken between 1st April 2003 astBecember 2009.
Prosthesis type Number of patients 1 year 3 years yeafs
Cemented 99,359 0.6% 1.4% 2.0%
Uncemented 62,937 1.3% 2.5% 3.4%
Hybrid 31,662 0.9% 1.8% 2.7%

TypPICAL COMPOSITIONS

A typical acrylic bone cement is self-polymerisiagd consists of two components, a liquid
monomer (methyl methacrylate, MMA) and a powder ponent (polymethylmethacrylate,
PMMA). The two components are mixed in the appatpriproportions to form the bone cement.
Other additives are included in these componemtsgdecific purpose [7, 30].

The monomer contains:

- Hydroquinone (HQ), an inhibitor, which preventse tmonomer from prepolymerising
spontaneously,

- N-N dimethyl-4-toluidine (DMT), an activator/adeeator, which speeds up the
polymerisation reaction.

The powder component contains:

- Benzoyl peroxide (BPO) that acts as initiatondarcing free radicals when it reacts with

the DMT promoting the polymerization of MMA at rodemperature.



- Radiopaque agent, either barium sulphate (Ba®0Ozirconium dioxide (Zrg), which
allows the bone cement to be observed on x-rays.
A number of commercial formulations can also inelugin antibiotic, such as gentamicin
sulphate, that provides prophylaxis against infextj which can occur during surgery [8, 31].

Figure 3 illustrates the chemical structure ofrtr@@n components of an acrylic cement.
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Figure 3: Main components of a typical acrylic cement

There are some advantages to using two bone ceroemgonents instead of simply polymerize
pure MMA monomer: The polymerization of MMA is t@bow compared with the duration of
surgery. The monomer has a very low viscosity amt easily diffuse into the blood stream. It is
much easier to shape the doughy cement to filsgaee between the prosthesis and bone. The use
of less monomer and the presence of pre-polymeRMMA decrease the amount of released heat
and assist in heat dissipation, thus lowering therall temperature. Pure MMA, upon
polymerization into PMMA, has a volumetric shrinkagf 21% due to differences in the density of
the MMA monomer and the PMMA polymer. This contractis unacceptable and would lead to a

large gap at the cement-bone interface, compromibia fixation of the prosthesis [32].

Antibiotics
Surgical operating rooms have sterile conditions,dven under these conditions some bacteria

can pass through all of the protective barriers emataminate the open body tissues during the



surgery. In order to prevent post-operative infetdi some small quantities of antibiotics can be
added into the bone cement [11].

An acrylic bone cement is a meshwork of PMMA chaifstibiotics enclosed in these meshes
are released by elution from the bone cement. Titee properties of cements correlate directly
with the ability to absorb water, which is detergdnby the hydrophobicity of their components
[8].

The first trials of adding antibiotic a bone cemerdre performed in late 60s and the first
antibiotic loaded bone cement appeared in 1970ta@@ain sulphate was chosen due to its wide
spectrum antimicrobial activity, water solubilityyermal stability, low allergenicity and ability to
confer long-term protection [9]. Currently mostthé 18 different antibiotic-loaded bone cements
available on the market, contain gentamicin sukpf3].

The prophylactic effect of gentamicin-containingnbocement on postoperative infections in
total hip arthroplasties was compared with thatsgétemically given antibiotics [34]. It was
observed that the incidence of postoperative iidastin the patients with gentamicin-containing
bone cement was significantly less than the grothichivwas treated with systemic antibiotic
therapy. It was also reported that the presencamall amounts of antibiotics did not change the
handling characteristics and did not reduce thength of the cement below acceptable standards.

The liberation of antibiotics from the cement matend the effect of antibiotics on the
properties of the cement are two important issdds$. [Antibiotics are typically released in two
stages: there is a peak release followed by atl@hgf low lost that continues for days or month.
Approximately 90% of the drug may be retained iaside cement, being eluted only from the
surface and from a network of cracks and voidshm lbone cement by a dissolution—diffusion
mechanism [35].

Severalin vitro andin vivo studies have indicated bacterial growth on aniibimiaded bone
cements with increased occurrence of gentamicigteag strains [36-38]. The increasing bacterial
resistance to gentamicin has prompted renewedesttar the addition of further antibiotics to bone
cements, such as tobramycin and cefuroxime [39, MQ]tidrug targeting is assumed not only to
be more powerful but also to prevent the emergariaesistant strains through the synergistic
action of two antibiotics. In Europe, one multiddogded bone cement containing gentamicin and
clindamycin, Copdl is commercially available [33]. Combination of ¢gmicin and clindamycin
in a bone cement formulation has a theoreticalnaatobial effect on more than 90% of the
bacteria common to infected arthroplasties. Theasd of gentamicin seems to be enhanced by the
release of clindamycin in this cement [41]. Thisyrba an effect of the extra antibiotic, which acts

as a soluble additive that leaves a network ofwbiehind, enhancing further release [42].



Multidrug targeting may be effective in preventiggistance but using it is a difficult option in
bone cements, as the release of the differentiafti®¥ depends on factors not easily controllable.
For example vancomycin has a high molecular weaglat shows poor release because it is trapped
in the cement matrix [43]. Also, combinations oftiaiotics must be carefully selected due to
known cross-resistances. For this reason, it isadeisable to join the gentamicin and tobramycin.
There is always the possibility of an antagonigftect in the different ways by which the
antibiotics act upon the bacterial life cycle [41].

PREPARATION OF BONE CEMENTS

Bone cements angrepared under operating room conditions, whichsisbrof a temperature of
21-24 °C and a relative humidity no less than 50%en bone cement was first introduced the
only available method was hand mixing; in this ddepowder-containing pouch is cut by a sterile
scissor, and the contents are put in a sterile bdtwn the liqguid ampoule is opened, and the
content poured on the powder. They are mixed abspimeric pressure until a homogeneous dough
is obtained (1-3 min) [11, 44, 45]. This type ofkimg method can introduce a significant amount
of air into the mixture and a relatively high degef trapped porosity (5-16%) in the set cement
[46]. To overcome these drawbacks, new mixing teples have been introduced such as vacuum-
mixing and centrifugation, aiming to reduce theqsily of the cement [45, 47]. Preparation of a
cement by the hand mixing process and by a vacuixer are shown in Figure 4.

Figure 4: Cement preparation by hand mixing and by vacuunmngix
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Pores in the cement primarily result from air besbivhich have become entrapped during
hand-mixing of the powder and liquid componentst Huis also accepted that monomer
evaporation at the high polymerization temperatanag contribute to produce embedded bubbles
[48].

In vacuum-mixing, the bone cement is mixed whilelema vacuum; which is supposed to
eliminate the voids entrapped during the mixingcpss [49]. In centrifugation mixing the dough is
immediately poured into a syringe that is then gsthynplaced in a centrifuge and spun with a
speed of 2300 to 4000 rpm for 30-180 s [50], fayait the air bubbles due to centrifugal forces
[51].

After mixing, the cement is either manually pladett the cavity by means of “finger packing”
or injected with a cement gun. The cement may léspressurized at this time causing increased

cement-bone interdigitation and providing a strangierface [52].

CHEMICAL REACTIONSAND SETTING PROCESS

Mixing the two components (solid and liquid) prodacthe starting up of a typical addition
polymerization reaction of the liquid monomer [Alhe MMA monomer can be polymerized
through radicals formed by several different methatacluding the collision of two monomer
molecules of sufficient energy or the decompositban initiator molecule by means of heat, light
or chemical reaction [11, 53]. Bone cement polyzaion is based on the free radical
polymerization of MMA initiated by a redox systerergrated by reaction between the initiator
(BPO) and the activator (DMT) which comprises thrsteps: initiation, propagation and
termination.

The initiation step involves a reaction between thiéator and the activator causing the
decomposition of the BPO, which splits into twogimgents upon dissociation of the weak peroxy
bond resulting in benzoyl radicals at room tempaet The second step is chain propagation,
which basically consists in successive additionmainomer units to the active radicals already
produced in the initiation stage. The free raditéhcks one of the double bonds of the MMA
monomer resulting in a larger free radical, theis thew free radical attacks another MMA
monomer and the chain propagates until a PMMA lattikeely high molecular weight is formed. A
consequence of this propagation phase is an ireré@asviscosity, due to the increasing
concentration of polymer molecules and increasintgoular weight of the growing chains. Lastly,
the chain termination can be achieved by combinatfawo chains (combination) or by hydrogen
transfer reaction (disproportionation). The firsethod is the simplest way, wherein the two

unpaired electrons join to form a bond [11, 32, 54]



When polymerization of the monomer is completepgtepolymerized PMMA beads that form
the powder (as described in "Typical compositiors® embedded into a solid PMMA matrix. The
polymerization process is an exothermic reactionwhich heat is generated firstly when the
benzoyl peroxide molecule is split, and secondlyrduthe propagation stage of the reaction. The
polymerization is very rapid and reaches completipapproximately 10—15 min, at which point
the cement has set [55].

The variation of temperature with time, during gweparation of the material, can be monitored
leading to a typical curve which indicates theisgtprocess of the cement, Figure 5.

The time at which the mixed cement mass does nioéradto a surgically gloved finger is
known as thedough time. This time is limited by the Standard Specificati®®5833 for acrylic
resin cements [56] to a maximum of 5 minutes. Time telapsed from the moment at which the
powder and liquid components are mixed until thmest is set, is known as tlsetting time.
Setting time can be calculated as the time at wtiiehtemperature of the mass is the sum of the
room temperature and maximum temperature dividedway The ISO5833 establishes that the
range time of the setting must be 5-15 minutes. lvx@mum temperature or peak temperature is
produced by the exothermic propagation reactionglwtake place during polymerization. The
cement sets before the peak temperature is readhés value is limited to 90 °C. Finally, the
difference between the setting time and the dougle tis called theworking time, and it
corresponds to the period of time during whichd¢bment is workable and has to be implanted (or
molded) [3, 7, 57].
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Figure5: Temperature versus time curve of a curing acryicebcement.

10



The peak temperature recorded in vitro does notspond to those actually reached in vivo.
Clinical tests showed significantly lower intraocgive peaks at the bone-cement interface due to
the thin layer of cement, the heat dissipation fe# system via the implants and local blood
circulation. The peak temperature in vivo is usudlelow the protein coagulation temperature,
assumed to be around 56 °C [4, 7]. Meyer et al. fi@&d that the maximum temperature of the
curing bone cement could be lowered by reducingathbient temperature and the cement mantle
thickness.

The setting time is sensitive to ambient tempeeatilnus, when the temperature of the operating
room increases, the polymerization rate also img®and the dough hardens quicker [11]. For
example, the bone cement Surgical SimplExhas a setting time of 9 minutes at room tempegat
of 24 °C, 12 minutes at 21 °C and 15 minutes &C1f59]. Also the temperature of the powder and
liquid components, of the implant and of the mixeguipment can markedly affect the setting time
and the curing temperature. If the cement compaenard stored at temperatures lower or higher
than that of the room, sufficient time must be w#d for them to reach the appropriate ambient
operating room temperature before they are mixtgravise setting time will be correspondingly
lengthened or shortened [60].

Others factors that can affect the curing propgexiecPMMA bone cements are:

The powder/liquid ratio of the cement, which is taken as the ratio between the weighthef
powder in g and the volume of the liquid in ml, lzagery strong effect on the curing parameters.
Increasing the powder/liquid ratio (by increasihg amount of PMMA powder or by decreasing
the content of monomer), produces the decreadeeqgid¢ak temperature [58, 61, 62]. These results
can be understood in terms of the relative amoohtsionomer present whose polymerization
causes heat release and of the role played by PNoEBds (powder) that absorb heat [7]. The
optimal ratio given is about 2:1 (w/v), which isedsin most of the commercial bone cement
formulations.

PMMA bead size, i.e. the average diameter and size distributioRMMA beads also plays an
important role in the curing properties. Besidassitructural role as a component of the cement
matrix, PMMA beads serve as a heat sink, dissigatmergy released by the exothermic
polymerization of MMA. The incorporation of PMMA bds with larger mean diameters and
widespread distributions of particle size has besorted to decrease the maximum temperature
and delay the curing process [63, 64]. Pascualt Bl.§64] prepared formulations with different
sizes of PMMA patrticles and their results indicatiedt the use of PMMA particles of 50-@tn
average diameter and size distribution of 10-ld0reduced the peak temperature by about 30 °C

and increased the setting time by 5-6 min, in caispa with commercial systems CMW
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(diameter 21um and interval 5-5Qum) and Rost&l (diameter 31um and interval 10-6Qum),
without any noticeable mechanical deterioration.

Initiator and activator, the rate of radical formation is dependent on tbecentrations of
activator and initiator, being also necessary ke tmto consideration their effects on the setting
parameters. Regarding the kinetics, increasingatheunt of DMT and BPO increases the rate of
polymerization and, consequently, the magnitudin@imaximum polymerization temperature [64,
65]. Faster radical formation activates more mongnikat act as nucleation sites for polymer
chain growth and produces additional downstreareceffsuch as: 1) acceleration of the overall
polymerization process, decreasing setting timesi@jultaneously formation of more individual
polymer chains, decreasing the average moleculagghtvand affecting the mechanical properties
of the cement. Vazquez et al. [66] reported thatphak temperature decreased with decreasing
BPO concentration. The authors found that the idiffee in peak temperature for the formulation
prepared with the highest concentration of BPOthrdne prepared with the lowest concentration
was approximately 10 °C and the setting time irewdawith decreasing initiator concentration,

with differences around 5 min.

RESIDUAL MONOMER

Although most of the monomer in bone cement polyrest there is a small portion that
volatilizes and escapes from the surface duringmefization. Another portion of that monomer
becomes entrapped in the polymeric matrix as resigionomer [67].

During the curing of the cement a substantial iaseein the viscosity of the mixture takes place
due to a partial dissolution of the PMMA in its nooner. The polymer chains from the PMMA
become available for free radical polymerizatior @mtanglements of these chains with newly
formed ones occurs, leading to an intimate conoedti the structure [9].

The mobility of the monomer is greatly hindered the increase in viscosity, and thus
polymerization process evolves with difficultiesgping after a certain time without consuming all
the present MMA monomer. In the curing process g¢llermaximum temperature attained is lower
than the PMMA glass transition temperature (Tg 6-120 °C) which hinders the total conversion
of monomer into polymer [57].

As a consequence of the increase in viscosityetdment, there is always an amount of 2-6%
of non-reacted monomer that remains entrapped éncément matrix after setting due to the

decrease of free radicals diffusion rate [4].
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Unreacted MMA not only acts as a plasticizer, iaflaing the mechanical properties of the
cement but also leaks from the cement mantle imosurrounding tissues, causing toxic effects

and impairing bone remodeling [68].

MECHANICAL PROPERTIES

The bone cement mechanical properties are veryrtapoin terms of clinical success and they
have been studied in great detail and reporteddoyyrauthors in several reviews [18, 69-73].

The function of bone cement is to fill the free @phetween the prosthesis and the bone. In this
application it acts as an intermediary phase, §ixhre implant to the bone, transmitting the applied
force and body weight uniformly to the tissue aodctioning as a load-bearing material [74]. If
the transferred stress is higher than the capa€itgad distribution, the cement can be fractured
and the prosthesis can fail [75]. It is therefoegpvimportant that the cement is able to maintesin i
mechanical properties over a long period of timeivo.

Static mechanical properties such as compresstmsijlé, flexural and shear are the relevant
parameters to be evaluated in terms of the biorak@ipplications [57]. The variation of these
properties is related to differences in composjtionixing methods, aging, temperature and
viscosity during cement application [32]. It is kwmo that acrylic polymers are stronger in
compression than in tensile, and exhibit a visgigdehaviour, which means that their properties
strongly depend on temperature and strain rate [22]

The addition of radiopaque agents has a signifiedfgct on the mechanical properties of
acrylic bone cements, which depend on their sizeraarphology [7]. The presence of antibiotics
diminishes its mechanical properties, althoughrédiction depends markedly on the amount of
antibiotic added [76].

An important factor that affects the bone cementhmaeical properties is the porosity of the
samples. Pores can act as weak points concenttatisgons and initiating a fracture [57]. These
pores may be attributed to air entrapped duringmgixmonomer evaporation over polymerization
and shrinkage around particles, giving rise to idations that can have 2-10% pores volume
fractions [77]. To reduce its formation new miximgchniques have been introduced such as
vacuum-mixing and centrifugation.

The influence of body fluids and body temperatuB@ €C) can be relevant to different
properties of the cement. Sorption of water geherlmwers the mechanical properties [7].
However, fracture mechanics studies show that thekorelocity is slower in water than in air, and

that fracture toughness is about 15 to 20% higherater than in air [78].
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Low viscosity cements might not withstand the biegdpressure in the femur with the
consequence of blood entrapment within the cenepresenting potential areas of weakness with
increased fracture risk. Normal or high viscositgments in this regard seem to be more
appropriate resulting in better long-term perforo@f3, 4]. High-viscosity bone cements have
shown to offer a lower incidence of revision andpE loosening in total hip arthroplasties [11].

It has been reported that microcracks are usualgldped in the interbead matrix just before
failure and not through the pre-polymerized bedti®se cracks propagate, and gross mechanical
failure occurs [79]. The failure can also begireda cracking induced by residual stress around
pores or stress raisers. Some residual stressesaased by the temperature differences arising

after polymerization of bone cement [80].

ANCHORAGE MECHANISMS

The interfaces cement-bone and cement-prosthesiscasidered the weak-link-zones in total
hip arthroplasty [18]. Bone cements do not formmstoal bonds either with the metallic implant or
with the natural bone. They fix the prosthesishia tlesired area by forming a mechanical interlock
between the metallic implant and the bone, andsteanthe load from one to the other. Bone
cement diffuses into the microscopic irregularittdsthe bone cavity and provides a mechanical
attachment to bone (interdigitation) [11].

The strength of the cement-bone interface and ticeess of an implant are related to the
amount of interdigitation between the cement amdctincellous bone [81]. Cement pressurization
improves cement intrusion into bone and this pheammn may improve fixation, although it has
been reported that it may also increase bone résorpnd reduce bone formation [82]. The
cement should be pressurized as early as possithien the rasped cavity (immediately after the
dough stage if possible) [83]. The apparent stredtthe cement—bone interface is significantly
higher when the interface is loaded in shear ratiaar tensile loading [84].

The cement-implant interface is not very strongqilsirly to what occurs with cement-bone.
The attachment of bone cement to metallic implargeénerally achieved by selecting an implant
surface texture that creates a mechanical interlgitk the cement or by an implant with a
geometry that maintains stability. Higher surfaceighness of the prosthesis leads to better
fixation, since it allows for increased surfaceaadntact with the cement as well as deeper
interdigitation [85]. The interfacial bond strengilso depends on the material of the prosthesis
[86].

The cement-implant interface can be improved leyquating the prosthesis with bone cement

or poly(methyl methacrylate) polymer. During thegary, the fresh cement adheres well to the
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pre-coating cement [87, 88]. It was reported thelfiViA coating increased the torsional fatigue

strength of the metal-cement interface [89].

MAIN DRAWBACKSOF COMMERCIAL BONE CEMENTS

Aseptic Loosening

Aseptic loosening occurs when the implants becomosd within the bone; a loose implant
tends to be painful and frequently requires a remisurgery. Aseptic loosening is the main cause
of failure of cemented total hip arthroplastiesjnbeoften associated with significant bone
resorption, necessitating the use of special pessthand bone grafting [90, 91]. During surgical
revision of a loose cemented implant, a charatieriorous membrane is identified at the
interface between the bone and the bone cement @2} fibrous membrane is laden with
histiocytes and giant cells surrounding and engglftement, polyethylene and metallic debris
[91].

The release of particles by the cement or by thestpbetic components can precede the
mechanical instability and be the cause of loogenilh was shown that monocytes and
macrophages responding to particles of bone cearentapable of differentiating into osteoclastic
cells that resorb bone. Usually it is observed tlmabone trabecula reaches the cement surface due
to the presence of fibrous tissue [93]. This memérean be caused by the toxicity of monomer
release and the heat production of the polymedratiesulting in instability and movement at the
interfaces [94]. These micromovements at the baaeeat and stem—cement interfaces can
accelerate aseptic loosening.

Failure of PMMA increases bone resorption at thaeb@ement interface of the prostheses.
When this happens, new particles which are smatugh to be phagocytized are produced.
Phagocytosis of the particles results in the irs@daproduction of tumor necrosis factor by the
macrophages, which may in turn lead to bone reisorpind prosthetic loosening [95].

Loosening of the cemented prostheses involves nigt the failure of the implant and/or the
bone cement, but also the inflammatory responsdhef bone tissue against bone cement
components. For example, it was shown that theanmfhatory response to PMMA particles
containing BaS@was greater than the response to plain PMMA pestiof similar size [96].

The main factors involved in aseptic loosening gedprosthetic osteolysis are summarized
below [97]:

Wear debris induced osteolysis. integration of the prosthesis into the surrougddone can be

hindered by a “foreign body reaction” induced bycnomphages absorbing small particles, mainly

15



polyethylene, PMMA and metallic debris, leading dotivation of osteoclastic activity. As a
consequence, osteolysis and bone loss around fharntoccur.

Micromovement of surfaces: implants that do not achieve adequate initiaghtibn will exhibit
micromotion in response to load. The greater tlea af friction the more osteoclasts are activated
causing osteolysis around the implant which leamldatigue failure at interfaces. When the
distance between bone and implant exceedsbb0connective tissue membranes are formed
between implant and bone as well as between impladtcement. These membranes hinder the
osteo-integration of the prosthesis.

Inappropriate mechanical load and stress shielding: insertion of an implant leads to new
biomechanical relationships between various regidrike surrounding bone and the implant. As a
consequence of stress shielding, bone appositidrhaer bone density occur in regions around
the implant receiving high loads, whereas regi@teiving lower stress loading react with bone
loss. Appropriate load transmission is thus anrggddactor in maintaining bone volume. Optimal
load transfer is influenced by the design andretgg of the implant.

Post-operative immobilization: the post-operative decrease in weight bearingltseén local
immobilization osteoporosis. Overall the post-ofigeabone loss mainly occurs in the first 6
months and can reach up to 50 % of the former toek.

Operative trauma: thermal and mechanical necrosis caused by sliggicaedure, type of bone

cement and cementing techniques can alter bonéyqual

High Polymerization Temperature

One of the main side effects of acrylic bone cesiapplication is the rise of the temperature at
the bone—cement interface during the polymerizatibMMA. In bone cement formulations the
powder part is already made of pre-polymerized PMp&kticles, and this prevents the explosive
polymerization reactions [11]. The highly exothecrpoblymerization process of the MMA, with a
polymerization heat of 57 kJ per mole MMA, causesrecrease of the local temperature [4]. The
peak of temperature can vary from 80 to 124 °C 98],

According to the ISO5833 [56], standard for acrydiine cements, the maximum temperature
allowed in the setting reaction must be lower tlh°C (recorded using a device at room
temperature). The levels for thermal tissue damagbsne are estimated to be between 48 and 60
°C, and within this temperature range cell necrasé® depends on the exposure time [99]. In
clinical hip or knee replacement, maximal interfaemperatures as low as 48 °C and as high as
105 °C have been reported [100].

In some cases bone cements originating high tempesamay be desirable. Some surgeons

treat the giant cell tumors of bone tissue by usirgtechnique of aggressive curettage through a
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large bone window followed by acrylic cement re¢omgion [101]. As the bone cement self-
heats, the possibility of heat necrosis in the bs®ie exists. It was mentioned that the damage to

the cells due to heat may be beneficial in redutilegrate of tumor recurrence [102].

Release of MMA monomer

As most of the organic monomeric chemicals, MMZAlitss also toxic to the bone tissue. The
release of MMA monomers from the cement into tmeutating blood causes severe drop in blood
pressure leading to an increase in the heart ratémapairing bone remodeling [11, 94]. This is
caused by the direct chemical effect of MMA on ldogessels. The presence of MMA has been
also associated with irritation of skin, eyes, andcous membranes, allergic dermatitis, liver
toxicity, fertility disturbances, arterial oxygeension and possible cardiac arrest [103].

The proportion of residual monomer remaining in plokymerized bone cement is in the range
of 2—6% just after hardening [4]. This percentaggy ecrease by up to 1-2% with time and then
remain the same for years. Haas et al [61] meaghedesidual MMA monomer content to be
3.3% after 1h, 2.7% after 24h and 2.4% after 21§sdander storage in an ambient air
environment. Schoenfeld [104] found that most @& thethyl methacrylate is released in the first

hour and its toxicity disappears after 4 hours.

ALTERNATIVESTO THE STANDARD COMPONENTS

Radiopaque Agents

PMMA is not a radiopaque material, i.e., it is ahonpossible to determine the borders of the
cement applied during the surgery by ordinary xdragging. Since 1972, radiopaque materials
have been added to the bone cement in order tadereadio-opacity [11]. Addition of about 8-
13% of barium sulfate (BaSPand 9-15% of zirconium oxide (Zgto the powder part confers
higher opacity. Otherwise, the areas occupied bygnebcement can be determined by using
magnetic resonance imaging [105]. Additional oparif are often used for interventional
procedures such as vertebroplasty, in which vigjtig a key issue.

The presence of radiopaque materials may have slisadvantages. The lack of interaction
between filler and matrix is the main reason far tetrimental effect of these particles on some
mechanical properties and to the liberation ofigiag into the surrounding tissue [106, 107]. It
was also observed that, osteolysis, i.e., bonapten around bone cement application area, was
more severe when radiopaque agents were used [M0i8]situation was more evident for BaSO
than for ZrQ case [109, 110].
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The development of radiopaque agents miscible thghpolymer matrix as alternative routes
for achieving radiopacity is an area of interestbone cement field. The possibility to confer
radiopacity by introducing an x-ray opaque iodilmataining methacrylate in the liquid phase of
the bone cement has been studied and 2,5-diiodorlgl methacrylate (IHQM) was proposed as
a new radiopaque agent. It was reported that tterporation of IHQM vyielded a decrease in the
peak temperatures and a slight increase in thegeitne. A content of 2 wt% of IHQM (over the
total mass) was enough to render the cement ragligpavith acceptable values of curing
parameters and enhanced mechanical properties. [[HQM provided significant improvements
in tensile strength, toughness and ductility whemgaring to both Zr@and BaS(@ containing
cements [106, 112]. The improvement of mechanicgbgrties was due to both, the elimination of
porosity associated to the Bag@articles and the reinforcing effect attributed the iodine-
containing monomer [112].

The 4-iodophenol methacrylate (IPMA) was anothempound synthesized to confer
radiopacity, via in situ polymerization. Having ggler molecular weight than MMA, it leads to a
decrease in the monomer concentration, resultisfpdmter polymerization time, although.fwas
approximately constant. A content of 15% IPMA cardd radiopacity equivalent to 10% BaSO
Regarding mechanical properties, the performand@eformulation with IPMA was better than
that with BaSQ[113, 114].

Organo-bismuth compounds such as triphenyl bismUifPB (a heavy metal containing organic
compound which is relatively non-polar and thusrbpthobic or insensitive to moisture) were also
studied as radiopaque agents by Deb et al. [10%Wa$ found that addition of TPB to the bone
cement matrix up to 25% of the weight of the polyntgd not affect the polymerization
temperature and setting time. Performing the amditvia dissolution in monomer phase, an
increase in strain and reduction in brittleness wlaserved. The best mechanical properties were
obtained for 10% TPB in solution.

More recently, two bromine containing monomers22xomoisobutyryloxy)ethyl methacrylate
(BIEM) and 2-(2-bromopropionyloxy) ethyl methacrtga (BPEM), were synthesized and
characterized as being good candidates to be sseabdmpacifiers [115]. The addition of BPEM
decreased the maximum temperature and increasedetting time, when compared with the
radiolucent cement. It also decreased the glagsitien temperature, enhanced the thermal
stability, reduced the polymerization shrinkage amcteased the compressive strength of the
resultant material [116].
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Activators
Tertiary aromatic amines are currently used awvaictis in the curing of acrylic bone cements.

Commercially available acrylic bone cements usuatligtain N,N-dimethyl-4-toluidine (DMT) in
a range of 1.5-2.5 wt.% as an activator in the rpelyzation of the MMA monomer initiated by
benzoyl peroxide (BPO) [117]. Figure 6 illustrates chemical structure of some tertiary aromatic

amines used in the curing of acrylic resins [118].
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Figure 6: Chemical structure of activators used in MMA polyination.

Unreacted DMT may be present in small quantitiesuned cements (0.5-0.7%) even after
long-term storage in air or post-implantation [LIEje toxicity of the amine/BPO initiation system
is related to the mobility of the amine. The testimaromatic amines are low molecular-weight
compounds, which may easily leach out from thelacegment to the surrounding tissues [120].

In vitro studies in osteoblasts culture demonstraieat DMT causes a delay in the cell
replication, induces chromosomal alterations arfdbits protein synthesis, interfering with the
process of bone mineralization [118, 121]

Few commercial bone cement formulations containaetivator different from DMT. The
Sulfix-60® cement, which has incorporated a teytiaromatic amine of reduced toxicity (N,N-
dimethylamino phenethanol), when tested in vitréhwosteoblast-like cells, produced the most
positive response among other commercial formulatid21, 122]. However, with respect to in
vivo studies scarce references are found in tamlitire.

The application of some tertiary aromatic aminethweduced toxicity to the curing process of

acrylic bone cements has been recently studied thighaim of obtaining cured materials with
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improved biocompatibility [123]. In this study tlaithors analysed and compared the properties
and preliminary in vivo response to acrylic boneneats cured with N,N-dimethylaminobenzyl-
alcohol (DMOH) and with 4,4-bis-dimethylamino bedrgl (BZN). Both activators presented
LDso (lethal dose, 50%) values 3-4 times higher than TDMvere less cytotoxic against
polymorphonuclear leucocytes and possessed antibigccharacter. The cement formulated with
the activator BZN gave the most promising respoasd the best biocompatibility: rests of
connective tissue were found attached to the nadtefier intramuscular implantation and higher
and earlier osseous neoformation were observediaftaosseous implantation.
4-N,N-Dimethylaminobenzyl laurate (DML) is a terifaamine activator with longer alkyl
chain, possessing therefore a hydrophobic natudehégher molecular weight in comparison to
DMT, being consequently less prone to leaching tB&T [120, 124]. It could as well initiate
polymerization by amino methyl radicals, with timedrporation of DML into the macromolecular
chains. It leads to longetef due to the longer diffusion time of the amine andits long
hydrophobic chain [120]. Although the pure DML demsed cell viability and cellular proliferation
compared to the control, the cured cements showed biocompatibility, with cells adhering and
proliferating on the test materials and exhibitiaymal metabolism and morphology [124].

Tanzi et al. [125] investigated the substitutiorDdIT by unsaturated tertiary arylamines, such
as acryloyl- (ANP) and methacryloyl- (MNP) N-phepigerazine, considered as being less toxic.
Compression tests revealed that compressive yieddss strain at yield, and elastic modulus values
were quite similar to those of samples cured wiMiTDand ANP, and slightly lower results were
obtained with samples cured with MNP. This work Baewn that it is possible to use alternative
tertiary amines with reduced toxicity as activatevighout significant changes in the curing

behaviour and properties of the acrylic resins.

BIOACTIVE BONE CEMENTS

One of the major limitations of commercially availa acrylic bone cements is the lack of
adhesion to bone, which may cause aseptic loosemddailure of the prosthesis in some cases.
Since there is no chemical adhesion to the bonenarttbne growth stimulation the only source of
bonding/adhesion of conventional bone cements & riechanical interlocking with bone
interstices and this process is not enough to adherstability of the system [11]. In reality dioe
the exothermic effect of the polymerization reactand the toxicity of the MMA, bone necrosis
can occur, together with the formation of fibrousstie around the implant which allows
micromotion and the lack of fixation stability dtet bone-implant interface, causing pain to the

patient and a space for the accumulation of wedrcfes [94, 126]. Thus, in an effort to enhance
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prosthesis integration and to prolong the lifetioighe implant, researches have been carried out
on many different types of cements.

Aiming to promote the bioactive behaviour of a baeenent, three types of formulations have
been suggested [126, 127]:

1) An all-bioactive bone cement where the whole matesi bioactive, for example calcium

phosphate cements.

2) A surface-bioactive cement where bioactive fillertles are added to a non-bioactive
matrix, for example HA or bioactive glass adde®MA cement.

3) An interface-bioactive bone cement where a bioaathaterial is placed between the bone
and the non-bioactive cement, for example a layeHA granules between bone and
cement.

Recent studies are showing that the second padsgibié. addition of bioactive fillers, seems to
be the most promising procedure to improve therfimtéal strength of cement to the bone. These
fillers will be exposed at the cement-bone integfgaromoting the direct growth of bone towards
the cement surface and thus increasing the intatfatrength. The most investigated fillers are
hydroxyapatite (HA), glasses, glass-ceramics dndltium phosphate (TCP) [94].

Besides providing the bioactive behaviour, suckerBl may also contribute for enhanced
mechanical properties. However the amount of fiparticles in the cement is of major importance
since it can produce the deterioration of the meidiad properties for high contents or the lack of

bioactivity for low contents [126].

Bioactive cementsfilled with calcium phosphates

A large number of studies has been carried outhenaddition of hydroxyapatite (HA) into
acrylic bone cement in order to improve mechanistdength as well as to enhance
biocompatibility. Calcium phosphates can replidht structure and composition of bone minerals
in a reproducible way, so they have a biocompathxdaviour with bone cells [128, 129].
Furthermore HA discloses osteoconductive propedliesving the formation of bone on its surface
by attachment, migration, proliferation and difietiation of bone forming cells [130].

One of the first reports on the addition of HA tanle cements was published in 1983 by Giunti
et al. [131]. The authors varied the percentagélaffrom 0 to 50%, and observed enhanced
mechanical properties as well as a decrease imguemperature. The heat generated during
PMMA polymerization may become significantly attated when HA is added [132], reducing the
problems associated with cell death due to higkrpetization temperatures.

The results on the effect of calcium phosphateshenmechanical properties of bone cements

are not always concordant and clear and they deperadnumber of factors such as type of filler,
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filler concentration and matrix chemical compositiamong others. These factors also affect the
curing characteristics of the cements.

Alterations in the HA concentration produce changeghe mechanical behaviour of the
cements because these particles usually act asifyocondensation centers thus modulating the
porosity patterns of the cements [133-135]. It eparted that porosity and pore size usually
increase with increasing fraction of filler up to cartain limit that determines the further
impoverishment of the mechanical properties [126jnaximum value of the Young's modulus
(2.5 - 3.5 GPa) and of the flexural strength (58%dVIPa) was obtained by Olmi et al [134] for an
HA proportion of 3 wt%, corresponding to a minimyrarosity, but other authors [135] found
flexural modulus and fracture toughness valuegdidhto a maximum of 15 % (w/w) filler. These
authors also verified that the compressive yietdngjth of samples containing 2.5 % of HA was
higher than that of the unreinforced cement, bwelofor higher HA percentages due to the degree
of adhesion between the HA particles/matrix and firenation of pores giving rise to a weak
interface. Considering creep properties an imprargnn creep resistance was achieved with up 5
wt% of HA [126].

Since the addition of HA into the formulation inases the viscosity of the cement dough and
makes handling and workability difficult, very lowscosity (VLV) cement compositions were
developed, in order to achieve homogeneous disipiowof HA particles [136]. Acrylic bone
cements filled with HA demonstrated higher mechahnistrength than the reference cement
(commercially available CMW1 bone cement). The addiof HA into VLV cement compositions
provided a decrease in curing temperature, anaserén compressive strength and compressive
elastic modulus, and a slightly increase in teringatigue strength and fatigue life compared to
CMW1. On the other hand, it was observed that ¢eiment is weaker in tension tests than the
reference.

The HA effect in the mechanical properties of bmme cement depends on the amount, as
mentioned above, particle size and surface pragsedf the particles. The introduction of HA to
commercial formulations varying the particle si2Zet¢ 137um) and HA content (2 to 25 wt%)
produced great changes in the mechanical propesfigke composites [126, 137]. Static tests
revealed that up to 10 wt% of HA with particle size96 um could be added without any large
decreases in tensile strength. Fatigue resultsshiswed that adding 10 wt% of HA of different
average size had no significant effect or actualtyeased the fatigue resistance of the cement.
However, when the concentration of filler was irased from 10% to 20% a tendency to decrease
the tensile strength was observed for all parscie.

The interface between HA and polymer matrix playsrdical role in determining the

mechanical properties of the cements and the [aakilvesion between the two phases can result in
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an early failure. The linkage of the organic hydmethylmethacrylate (HEMA) to apatitic calcium
phosphate can be realized by a combination of thlynstimulated current and dielectric
spectroscopy. The obtained apatite is used to tdremical bonds with the polymer matrix, which
could stiffen the PMMA bone cement [138]. An impeovent in the mechanical properties without
affecting the biocompatibility of the HA-containifgbne cement was also obtained through the
addition 4-methacryloxyethyl trimellitate anhyhydki (4-META) into MMA monomer as an
adhesion promoting agent [139]. However, it is regmb[140] that in a P(MMA-co-styrene)/MMA
acrylic cement filled with HA particles coated with silane agent, all investigated mechanical
properties except tensile modulus had lower valaesiA-filled cement compared to the unfilled
cement. The results were attributed to HA powdegtageration and to the formation of porosity.

The water absorption properties of a bone cementitical to its long-term stability in vivo,
since they can lead to a reduction in the strermfththe polymer. The water absorption
characteristics of modified HA-reinforced poly(ethymethacrylate-n-butyl methacrylate)
(PEMANBMA) bone cements were assessed [141]. Thedaction of HA reduced the water
uptake, yielding more significant results if the Hiller was surface treated with a silane coupling
agent.

Among the HA filler advantages, we find cementshwidwer curing temperature and residual
monomer content when compared with those for wdfilcements [140, 142], and better
biocompatibility, with less severe necrosis anceilgm body giant cell observed for this cement
[136]. The effects of the incorporation of only @% of HA into PMMA provided higher levels of
human osteoblast-like cells (HOB) proliferation gsttenotype expression. Exposed HA particles
served as preferential anchoring of HOB cells. @&lih both conventional and composite bone
cements were able to support normal osteoblasgmith, full confluence was achieved earlier (7
days) on the PMMA-HA cement [143, 144].

A comparative study of the osteoblastic responsa BMMA/HA (80/20 wt%) composite and
on a non-filed PMMA was carried out by Moursi et [A45]. Osteoblast attachment and
proliferation were similar on both implant matesi&br 2 days, whereas, on day 8 proliferation was
significantly higher on PMMA/HA than on PMMA. Compal to PMMA, PMMA/HA composite
promoted the formation of nodules displaying a bigtegree of mineralization, considered the
strongest indicator of true osteoblast differefdimaind osteogenesis.

In vivo studies in rabbits with implantation of Hiled cements [146] also revealed a
noticeable increase of attachment to bone tissueghi® higher HA specimens improving the
interfacial shear strength at the bone—implantrfate six weeks after implantation into the distal

end of rabbit femora.
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Although at a lesser extent than HA or bioactivasgeés and glass-ceramicd CP, has also
been studied as filler in bone cemenisTCP is highly soluble at physiological pH and can
originate a porous structure capable of osteoiatemr. It was demonstrated that the curing
temperature of the bone cement can decrease frorfCL@ 58 °C by adding 66% @fTCP [147].
According to Yang [148], whea-TCP was incorporated into commercial formulatidnetarded
the polymerization kinetics and decreased the helatise rate. This effect would decrease the
thermal necrosis of bone and also improved therthestability of the system.

Osteaoblast cultures (MG63 line) were tested withMMa-TCP composites [149] and it was
demonstrated that PMMA/TCP significantly and positively affected ostedlaviability as
compared to PMMA. At 12 weeks, the PMMAFTCP implants in rabbit bone successfully
osteointegrated in trabecular and cortical tisSue presence of the bioactive ceramic material
showed to be responsible for the improvement o& thaterial colonization by bone cells,

osteaoblast activity, osteoinduction and osteocotidn@rocesses, and bone remodelling.

Bioactive cementsfilled with glasses

The first bioactive glass studied was Bioglass® 558troduced by Hench in 1971 [150],
which still remains the most used in clinical apations and the most promising one. Bioglass®
45S5 is produced by melting, and its specific cositpm is 45% Si@, 24.5% CaO, 24.5% NQ,

6% P,Os (expressed as weight %). The name ‘45S5’ refetstb the Si@ content (45% wt) and
to the Ca/P molar ratio (5).

In fact, when these glasses are put in contact biglogical fluids, a layer of hydroxyapatite
(HA) analogue to the mineral phase of bones is siggmbon their surface. Collagen molecules are
incorporated into this layer, and a biological baaeh be formed. It was later shown that a bond
with soft tissue can be achieved as well, if thte od apatite formation is high enough [151].

Five inorganic reaction stages (Figure 7) occuhatglass surfacehen a glass is immersed in
a physiological environment [152]:

1. lon exchange in which modifier cations ( N&g™ Ca?) in the glass exchange with

hydronium ions (HO") in the external solution;

2. Hydrolysis in which Si-O-Si bridges are broken,nfiamg Si-OH silanol groups, and the

disruption of the glass network;

Condensation of silanols to form a silica gel layer

Precipitation of Ca and phosphate on the gel, hgpdd the formation of amorphous
calcium phosphate;

5. Gradual transformation of calcium phosphate lagty crystalline hydroxyapatite
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Figure 7: Mechanism of apatite formation on glass adapteuh {b3] .

Several glass compositions may promote bioactauty they can be further explored and used
to improve bone bonding capability of inert matsckke PMMA. Compared to synthetic
hydroxyapatite, the surface layer formed on bieactglass is more similar, in terms of
crystallinity, to the apatite of bone tissue, whimioduces a greater proportion of bone bonded to
bioactive glass than to HA [154].

The addition of glass, glass-ceramic or ceramitigdas to commercial cements affects their
mechanical, curing and biological properties.

Flexural, compressive, and fracture propertiesamfirmercial acrylic bone cement modified by
different weight fractions of glass spheres weterat by the filler content [155]. It was foundttha
glass patrticles added up to 50 wt% produced sagrifiincreases in flexural modulus and fracture
toughness, while contents higher than 25 wt% pteth@ decrease in the compressive vyield
strength in cements cured at room temperature.méehanical behaviour can be understood in
terms of the reinforcing effect of the filler anddet plasticizing effect of the monomer, which
reduces the compressive strength and incrdases

Recent researches, considering the bending prepertiemonstrated that PMMA-co-EHA
cements containing 30, 40 and 50 wt.% of glashefaCaO.0s-MgO-SiO, system, achieved a
maximum flexural strength of 29 MPa coupled with elastic modulus of 1.1 GPa at an
intermediate filler concentration (30 wt.%), incsg® its mechanical performance to the upper
level of the values reported for cancellous bori[1For materials containing proportions of filler

higher than 30 wt.%, the strength decreased syeaitih increasing glass content due to the weak
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bonding between the matrix and the filler, attagngimilar values to those of the matrix material
for 50 wt.% filler.

Cement formulations based on PMMA/phosphate gIR§3: @4.5% BOs; 44.5% CaO; 11%
N&O, mol%) [157] or PMMA/MgO-CaO-Si©P,0s-CaF, glass (GBC: 4.6% MgO; 44.7% CaO;
34.0% SiQ; 16.2% ROs; 0.5% Cak, wt %) [158], in which different proportions betere 30 and
70 wt% of glass were used, exhibited appropriatedhanical performance. It was verified that the
elastic modulus of both cements increased withirtiseease of the filler content. A significant
increase of compressive strength was obtainedhfmicomposites prepared with 20% (110 MPa)
and 40 wt% PG (118 MPa), whereas for cement fillétth higher PG contents the strength was
equal to PMMA pure (100 MPa). For GBC cement, tmgression and bending strength of all
studied formulations were higher than those of eotienal PMMA bone cement. The values of
strength of PMMA were 74 MPa for compression andva for bending, which increased for
131 MPa and 134 MPa respectively, when 70 wt% adgyivas introduced (GBC70).

Together with the amount of added filler, the mearticle size and its amorphous/crystalline
nature may also affect the mechanical behaviouthefPMMA-based composites. In bioactive
bone cements consisting of PMMA and bioactive glasads of the MgO-CaO-Si®,0Os-Cak
system [159], was demonstrated that the bendimygtin increased as the mean size of the glass
beads decreased (mean diameters 4, 5, 9, apthL8ue to improvement of filling effect, while
Young's modulus seemed to be independent of partide, i.e. it did not change significantly.
Additionally, the smaller particles have largerfaoe area, this may help expose more bioactive
filler on the surface of the cement, creating mooatact with the bone. However, they may also
cause strong foreign body reaction, thus care shbeltaken to avoid their separation from the
bone cement surface. New cement formulations dpeelon the Kyoto University in 1993 [160]
consisting of a bisphenalglycidyl dimethacrylate-based resin (Bis-GMA-basestin) and a
bioactive filler (glass or glass-ceramic) have showalues for compressive strengths that were
lower for the composites filled with glass (153-18Pa) than for the composites loaded with
glass-ceramic particles (167-194 MPa).

Concerning the curing properties, values of dowggitting and working time usually increase
with the content of glass in the cements. On thgraoy, the maximum temperature reached during
the polymerization reaction decreased with increpsbncentration of glass [157]. The advantage
of adding bioactive filler (glass beads) in PMMAaat from bioactivity and better mechanical
properties, is the decrease in maximum temperatupelymerization (T..y). It was observed that
the temperature during polymerization was 68.3°Ctlie cement designed GBC and 87.5°C for
the commercial PMMA bone cement (CM\W)1
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Bioactive and osteoconductive properties of acrghne cements with different types of filler
are reported in the recent literature. Compositegaining 30, 40 and 50 wt.% of glasses of the
3Ca0.R0s-MgO-SiO, system, exhibited in vitro formation of an apatiéger on the material
surface, being faster for the higher glass contd@8]. Results obtained by Kobayashi et al [161]
with cements containing bisphenoglycidyl dimethacrylate-based resin (Bis-GMA-bagedin)
and a bioactive filler (glass ceramic powder AW-G€A or B-tricalcium phosphatep(TCP)
revealed that: after soaking in simulated bodydfi{BF) for 2 days, the AW-GC cement and the
HA cement formed bonelike apatite over their ergindfaces but the-TCP cement did not.

Osteoconductivity of several bone cements loadeti wioactive fillers was confirmed for
different composite formulations [158,159,161-16]stological examination generally showed
that a more effective contact with bone is fadiith by increasing the filler proportion. The
osteoconductivity can also be evaluated by affimitlices (percentage). The calculation of affinity
index is made from one SEM photograph and basel@rmgth of bone in direct contact with the
cement surface divided by the total length of teeent surface, being this value multiplied by
100. It was demonstrated that the affinity indexhaf cement increases with a higher glass content
and lower mean glass bead size [158,159]. An etialuaf interface between the bone and a
bioactive glass cement revealed that the intedfatiangth (push-out load of cylinders in contact
with bone) of bioactive cements was much highen that of CMW-f [162] when implanted into
canine femora. The interfacial strength valueshef lbioactive glass cements also increased with
prolonged implantation time. Fujita and co-work|83] examined the influence of the proportion
(0, 30, 50, 70 and 80 %) of AW-GC glass—ceramic gimwon the bone-bonding ability of Bis-
GMA-based cement. The developed cements were itgoldanto the proximal metaphysis of the
tibiae of male rabbits, and the failure load wassueed by detaching tests 10 and 25 weeks after
implantation. The failure load increased with iragi®g content of glass and it was greater for 25
weeks. The results show that all the tested centettghe ability to bond to bone and to function

as bioactive composites.

CEMENTSFILLED WITH BIODEGRADABLE FILLERS

The introduction of biodegradable fillers in accytione cements has aimed the development of
a system for controlling drug delivery, since itsadiscovered that the most of the antibiotic could
remain inside the cement for many years. Scarcenges have been reported considering the
bioactive behaviour of the cement associated tatitaegy of bone growth inside the pores created
during the degradation of the material, which cosilthultaneously facilitate bone replacement,

ingrowth and bonding.
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A comparative study between a conventional PMMA&oement and a biodegradable cement
based on PPF-MMA, in which a hydrolysable pre-pa@ymoly(propylene fumarate) (PPF) was
cross-linked with MMA monomer, both carried withtiiotics and implanted subcutaneously in
rats, revealed that the biodegradable cement PPRNFEhieved and maintained considerably
higher wound antibiotic levels than the PMMA cemidi@4].

Poly-L-lactic acid (PLLA) has been used to fill IMA matrix and to develop a drug delivery
system [165-167]. The rate of ibuprofen release aredyzed and it was found to be affected by
the crystalline or amorphous form of the drug. T@orporation of a ceramic component,@d,
in this composite and the presence of the biodedptadoolymer, PLLA, facilitated the ibuprofen
crystallization and consequently its rate of redef65]. When a bioactive glass powder of the
Si0—~Ca0O-R0Os system was added to the PMMA-based compositesicimy PLLA, [166, 167]
it was observed the formation of an apatite-likgetain SBF although the crystallinity of this layer
was lower on the composite than on the glass sanipé®]. The rate of drug release was related to
the ion exchange between the glass powders inampasite and the SBF. The loading of these
composites with gentamicin led to a fast initideese during the first 10 h of soaking in SBF,
followed by a controlled release of the drug. Tésuits were similar for addition of ibuprofen, the
growth of an apatite-like layer on the materialdate was demonstrated and the ibuprofen release
rate was related with the growth kinetics of ttagdr, being slower when the materials do not
contain the biodegradable polymer PLLA [167].

The presence of polgcaprolactone) (PCL), in the partially biodegra@aatrylic composites,
provided a significant decrease in both compressikength and elastic modulus when compared
with the PMMA [168]. Composites loaded with 3% wt/mancomycin eluted 64% of the initial
drug within the first 5 h, allowing a progressiedaase of nearly the total amount of the initialgdr
(90%) in approximately 2 months. The use of PCLdseas a solid component of the material
provides lower peak temperature and longer setiimgs than the classical PMMA-based acrylic
cements. The PCL/PMMA composites presented resichagomer values in the range of 2-3%
wt/wt independently of the PCL content, and dediiadaest resulted in a weight loss close to 2%
wt/wt and water uptake values in the range of 1%-&fter 56 days in SBF.

Literature also refers the incorporation of thedeigradable thermoplastic starches (TPSs) in
self-curing acrylic cements aiming the achievemeht short- to medium-term drug delivery
system for hard tissue treatment [19]. The cemertsbited values of water absorption up to
15.3% and mechanical properties in the range ofe@ed values according to standard
specifications, although decreasing after immersiorPBS. The TPSs can gradually dissolve
giving rise to a surface porosity, which inducdsigher level of delivery of the drug (lbandronate)
in PBS. The drug release capacity was highly degatnaf the kind of TPS added, as well as of its
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particle size. The addition of polyesters, suctPag, PHB and aliphatic polyester, produced a
decrease in the mechanical properties (compressidntensile) and a very limited capacity for
water absorption of the system.

Degradable chitosagfwtricalcium phosphate¢TCP) microspheres were used as an added
constituent to commercial available PMMA bone cetm@®9]. Their introduction promoted a
significant decrease of the curing peak temperatn@eased the setting time and reduced the
mechanical properties, namely the ultimate compresstrength and the bending strength. The
degradation test of these composites showed thavdight loss can be superior to 20% after 100
days of immersion in phosphate buffer saline sofutiSEM observations indicated that these
composites could degrade gradually and providetr@ngl porous spaces for cell growth leading to
a more stable structural anchorage of the cemehttive surrounding tissues. Following a similar
strategy, a bioactive bone cement (BBC), compodezhibosan (10 wt.%) and HA from natural
bone powder (trabecular bone blocks of porcinees)inat concentrations of 40, 50 and 60 wt.%
was developed [170]. Compared with pure PMMA, tteder absorption, weight loss, and porosity
increased for the BBCs, but the compressive Youmgiglulus and the ultimate compressive
strength decreased. No cytotoxic characteristiag i@und associated with any of the BBCs and
cell proliferation tests demonstrated that BBC vithwt.% of HA was preferable to pure PMMA
for cell attachment and proliferation. However, #dglition of chitosan (concentrations of 1-5%)
into gentamicin-loaded Palacos® R bone cementfignily decreased drug release and did not
prevent the bacterial colonisation [171]. The medtel performance of these cements was
significantly reduced after 28 days of saline ddgtemn with the compressive and bending
strengths not in compliance with the minimum reepnents as stipulated by the ISO standard for
PMMA bone cements.

Another interesting approach was the developmerat nbvel class of cements, the so called
hydrophilic, partially degradable and bioactive eets (HDBCs). These were acrylic bone
cements based on corn starch/cellulose acetateloSCA), a bioactive ceramic filler (HA or
bioactive glass) and a hydrophilic monomer (acryéicid (AA) or then 2-hydroxyethyl
methacrylate (HEMA)) [69, 172-174]. Higher solidlid ratio shortened the dough time and
decreased the peak of temperature. Mechanical giepevere in the range of conventional
cements and the best results were obtained withidliguid ratio of 55/45 and an HA content of
about 20 wt%. The degradation percentage reachedxamum of 12% after 90 days in saline
solution. The formulations developed with HA amauof at least 20% were clearly bioactive
[174]. The results for water uptake increased Wwitlieasing amount of the hydrophilic monomer,
and could be adjusted to values ranging from 265wt%. It was found that cements containing

AA and bioactive glass (MgO-SBCa0.RBOs) did not show a bioactive behaviour, because @f th
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deleterious effect of this monomer on the calciuhogphate precipitation on the polymeric
surfaces [173]. HEMA did not present this inhibjtoeffect and the addition of 30 wt.% of
bioactive glass to this system promoted the foromabf a dense apatite layer after 7 days of
immersion in simulated body fluid [172]. This now&ncept in terms of bone cement could allow
bone ingrowth in the cement, and induce a pressgdieffect, improving the interfaces with both

the prosthesis and the bone [69].

CONCLUSIONS AND SCOPE OF THE THESIS

Despite the success, globally recognized, of the afsPMMA bone cements in orthopaedic
surgery there are some drawbacks that limit th&rfopmance such as non-bone-bonding
capability, relatively low mechanical strength,eade of unreacted monomer and high curing
temperatures. A new generation of acrylic bone cdésnevith better properties than those
commercially available is strongly desired in ortteensure the long term clinical performance of
the cemented arthroplasties.

As previously shown, a lot of work has been cardgatiduring the last 35 years to study acrylic
bone cements and numerous changes in the prepatatbniques and composition have been
attempted to improve the properties of this mateAdthough several modifications have been
proposed as alternatives to the original formufetjonone was successfully introduced in the
market. In fact most of the novel formulations hade abandoned due to unexpected problems
making it less adequate than the original cemeimer&fore, formulations developed 50 years ago
consisting of self-curing PMMA are still the maihaice for replacement surgeries.

In this context, the work in this thesis was intetidto be a contribution towards the
development of an improved formulation of bone cetmaiming at solving some of the main
drawbacks of the conventional bone cements. Hercdeveloped a bioactive bone cement, with
bone bonding capability, assessed by cellular teslde to release ibuprofen at therapeutic
concentrations sufficient to blunt the inflammateoegponse associated to the surgical procedure.
Moreover, when a biodegradable filler is addedhe tormulations, it gradually degrades and
provides bone cells adhesion and growth on the wenmedicating that it can further allow a
stronger in vivo adhesion to the bone and a bstaduilization of the implant.

The thesis is divided in 6 chapters, four of whidmprise the results obtained from the
research experimental work. Two different methofipreparation were used in this study, i.e.
polymerization by thermal route (heat cured malkgriand polymerization by chemical route (self

cured cements).
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Chapter 1
This chapter refers to the state of the art orstligect of the thesis, presenting a review of the
literature on acrylic bone cements and on the sévapproaches employed to improve the

properties and the performance of these cements.

Chapter 2

It is addressed the method of preparation by tlenhl route. Two published papers are
presented: First™Preparation and study of in vitro bioactivity of PMMA-co-EHA composites filled
with a Cag(PO,4)-S0,-MgO glass' published in Materials Science & EngineeringNaterials for
Biological Applications, 2008; Second"Slicate and borate glasses as composite fillers. a
bioactivity and biocompatibility study" published in Journal of Materials Science: Matrin
Medicine, 2011. Thus PMMA-co-EHA composites filledth a silicate glass (CSi) and a borate
glass (CB) were prepared by free radical polymédmaand it is made a discussion on their in

vitro behaviour both in acellular (bioactivity) aimdcellular media (biocompatibility).

Chapter 3

This chapter describes the method of cement preparhay the chemical route, the procedure
which is also used in the following chapters. Onapeqy, Properties and osteoblastic
cytocompatibility of self-curing acrylic cements modified by glass fillers' submitted to Journal of
Biomaterials Applications, is included in this parhe effect of glass content (30, 40 and 50%) in
self cured cements, incorporating the 4,4-bis(dnylemino)-benzhydrol activator of reduced
toxicity, was assessed. Properties such as cumngnpeters, residual monomer, water uptake,
weight loss, bioactivity, mechanical properties nlieg and compressive) and osteoblastic

cytocompatibility were investigated.

Chapter 4

The study conducted in this chapter explores thasipdity of incorporating ibuprofen (anti-
inflammatory agent) into the cement, having a malfté¢hat simultaneously shows controlled drug
release and bioactive behaviour. The in vitro Blitien profile, release mechanism and the
concentration therapeutic of the drug were somthefproperties analyzed in this paper entitled
"Influence of ibuprofen addition on the properties of a bioactive bone cement", under revision to

Biomedical Materials.
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Chapter 5

Finally in this chapter we focused the charactéiomaof cements containing biodegradable and
bioactive fillers, which provided improvements iath mechanical and biological behaviour. This
chapter includes one paper entitlgktrylic formulations containing bioactive and biodegradable
fillers to be used as bone cements: properties and biocompatibility assessment” submitted to

Biomedical Materials.

Chapter 6
This chapter contains the general conclusions daggthe overall work carried out under the

scope of this thesis, as well as some final remankisfuture directions.
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CHAPTER 2

SECTION I:
PREPARATION AND STUDY OF IN VITROBIOACTIVITY OF PMMA-CO-EHA
COMPOSITESFILLED WITH A Caz(PO,4)>-SiO,-MgO GLASS

ABSTRACT

The nature of the orthopaedic implant surface #&feée interaction with cells and subsequent bone
formation. The bone/cement interface in cement-petdtheses is considered to be the main cause
of fracture leading to implant revision. It is thghi that the introduction of a bioactive phasehsuc
as bioglass, in the cement may permit a more stattlgface by encouraging direct bone
apposition rather then encapsulation of the implagt fibrous tissue. In this work new
poly(methylmethacrylate) (PMMA) based compositdkedi with 0, 30, 40 and 50 (wt%) of a
Ca(PQy),-SiO-MgO glass, were processed. The prepared compostessist of a
poly(methylmethacrylate)-co-(ethylhexylacrylate) MMA-co-EHA) matrix filled with a glass
(G7), with nominal composition 33.26 CaO, 28.0Df 23.03 SiQ, 15.64 MgO (wt %). Then
vitro bioactivity of the composites was assessed by m@targ the changes in surface morphology
and composition, by X-ray diffraction (XRD) and so&ng electron microscopy coupled with X-
ray energy dispersive spectroscopy (SEM-EDS), afteking in a simulated body fluid (SBF) for
periods of up to 21 days at 37 °C. Inductively dedpplasma (ICP) was used to assess the
evolution of ionic concentrations in the SBF salatiThe results obtained confirmed the growth of
a hydroxyapatite (HA) layer on the surface of thepared composites. As expected, HA formation

was faster for composites prepared with highersgtasitent.

This section is based on the following publication:

Lopes PP, Ferreira BJML, Almeida NAF, Fredel MCrriaades MHV, Correia RN. Preparation
and study of in vitro bioactivity of PMMA-co-EHA oaposites filled with a G&PO,),-SiO.-MgO
glass. Materials Science Engineering C. 2008;28%/72
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INTRODUCTION

Fixation of the majority of prostheses in the pasas been performed using
poly(methylmethacrylate) (PMMA) bone cement. Howevan unresolved problem with using
PMMA as bone cement is a thickening of the intemvgrfibrous tissue layer, which leads to
aseptic loosening of the cement in some cases].[T,02improve fixation of PMMA to the host
bone, various composites with bioactive materialgehbeen developed and studied [3-5].

Bioactive materials (e.g. glasses, sintered HAssglzeramics) are able to bond to living bone
through a hydroxyapatite (HA) layer formed ontoitlsairfaces [6, 7].A similar layer is reported to
form on the surface of these materiaisvitro, after soaking in liquids with ionic concentration
similar to the human blood plasma [5, 8-10]. Prasistudies performed in glasses from the
Ca(POy),-SiO-MgO system, have already shown bulk superficiattigity in the form of a HA
like layer [11-13], when immersed in a simulatedyfuid (SBF).

The objective of the present work was to investighglasses of the same system could induce

bioactivity to a new PMMA based polymeric matrix.

EXPERIMENTAL

Glass preparation

A glass (G7), with nominal composition 33.26Ca0,0Z&0s, 23.03SiQ, 15.64MgO (in this
paper, all the compositions are referred to wt ¥less otherwise stated) was prepared form
reagent-grade CafR0O,).H,O, CaCQ, SiO, and MgO. The raw materials were mixed in ethanol
for 45 minutes and dried at 70 °C. Batches of 8@ee melted in a platinum crucible at 1550 °C
for 1 h in air. The melt was poured onto water #imel resultant glass frit was powdered in a

planetary mill for 8 h. The milled glass powder lzagarticle size of approximately L.

Preparation of the composites

Methyl methacrylate (MMA) and 2-ethyl hexylacryla(EHA) were obtained from Aldrich
Chemical Company. Benzoyl peroxide (BPO) was obtifrom Merck. Only the MMA was
purified, for extraction of hydroquinone, all théher reagents were used as received. PMMA-co-
EHA/G7 composites were prepared by addition ofttiemomers to 0, 30, 40 and 50 % of the glass,
as shown in Table 1. BPO was added to the mononietur® in a ratio of 2.56 %, as a

polymerization initiator.
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Table 1: Chemical composition of the PMMA-based compositesstigated (wt %).

Sample identification MMA EHA Glass, G7
Composite C5 25 25 50
Composite C4 30 30 40
Composite C3 35 35 30

Matrix M 50 50 -

I'n vitro assay in SBF

Pieces of 5 x 5 x 3 mm were surface ground, mouwetically and soaked in 15 mL of
tris-buffered SBF in sterile polyethylene containersntaned at 37 °C. The SBF solution had a
similar composition to that of human plasma, asnsshan Table 2, and was previously filtered
trough a Millipore 0.22um system. Soaking periods were 1, 3, 7, 14 and &js.dThe
concentrations of calcium (Ca), phosphorous (Pjcosi (Si), and magnesium (Mg) were
determined for each period by inductively couplémsma spectroscopy (ICP, Jobin Yvon, JY 70
plus). Formation of the calcium phosphate surfager was followed by X-ray diffraction (XRD,
Rigaku Geigerflex Dmax-C with CuKradiation) and scanning electron microscopy calipléh
X-ray energy dispersive spectroscopy (SEM-EDS, dhite5-4100, 25 kV acceleration voltage,
beam current 10QA).

Table 2: lon concentrations and pH of SBF and those of mubf@od plasma.

Na® K' Mg* c& cCI HCO; HPOS SO pH

Plasma 142.0 5.0 15 25 103.0 27.0 1.0 0.5 7.2-7.4
SBF 1420 50 15 25 1478 4.2 1.0 0.5 7.25

RESUL TS AND DISCUSSION

Changesin SBF composition

Changes in the concentrations of Ca, P, Si and &ag in SBF due to immersion of the
composites are shown in Figure 1. Along the fiest there is a rapid increase in Ca, P, Si and Mg
concentration, for all the composites studied, tudiller dissolution. Between 1 and 3 days a

concomitant deposition of calcium phosphate ocasrshown by the fall in the Ca and especially
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in P concentrations in composite C5, Figure 1a HmdDuring this period the SBF solution in
contact with composites C4 and C3 presented lesatiom in Ca and P concentrations while Si
and Mg concentrations continued to rise. From 34odays the Ca and P concentrations still
decreased, for composite C5. Composites C4 ands03eesented a minor decrease in the Ca and
P profile during this period. During the same pértbe Si and Mg concentrations continued to
increase. Between 14 and 21 days the Ca and P rdomioen profiles are more stable, with
comparatively minor changes for the three compsstadied. This fact suggests a reformulation
of the calcium phosphate deposits - perhaps withiphwogical implications - rather than
apposition. A later increase in soluble Ca anddp,cbmposite C5, is thought to result from

detachment of portions of the deposit.
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Figure 1: Variation of ionic concentrations of (a) calciurh) phosphorous (c) silicon, and (d)
magnesium in SBF, during the incubation period.

In general, the ICP analyses reveal that compopitggared with more glass content exhibit a

smaller initial increase in Ca and P solution coigdions, Figures 1a and 1b. Usually, one would
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expect that composites with higher filler concetmrashould release more Ca and P into the SBF
solution. However, considering the Ca and P comagah profiles we are led to assume that
although the composite C5 releases more ions testhgion than C4, as confirmed by the Si

analysis shown in Figure 1c, it also induces a mapéd formation of the calcium phosphate layer
- resulting in a lower concentration of Ca and f&si solution. The same can be said about C4
relatively to C3. In a previous study, glasses ftbe same system in bulk form, showed ability to
quickly (less than 1 day) form a calcium phosphayer, without decreasing the Ca and P solution
concentrations in the same length of time [13].Mg concentration profiles there are small

differences between the composites, the more stiageone comes from comparing C5 and C4
between 14 and 21 days of immersion, since it coeddIt from incorporation of Mg ions, from the

SBF solution, into the layer formed on the surfateomposite C5.

Formation and characterization of the surface layer

XRD of composite surfaces C5 and C3 during immergicSBF, are shown in Figure 2. After 1
day in SBF the XRD pattern is still very similar tioe pattern before immersion. After 3 days
composite C5 exhibits a broad band a&28%34° that suggests a calcium phosphate deposit [14].
This band was also detected for composite C4 (XBDshown). After the same period the XRD
pattern of composite C3 does not evidentiate amy feature. After 7 days in SBF composites C5
and C4 present two diffraction peaks charactesspicsynthetic HA [15], for @ = 26 and 32 ©,
attributed to reflections (0 0 2) and (2 1 1), exdfvely. Composite C3 still presented, for 7 days,

XRD pattern similar to the one obtained before imsio.
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Figure 2. XRD patterns of the surface of composite (a) pregpavith 50% and (b) 30% (wt) of
glass, during the immersion period.
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Between 14 and 21 days of immersion composites rl€@6G4 present increased intensity of
reflections previously detected while other HA peédr D = 50° and 53° - attributed to reflections
(2 1 3) and (0 0 4), respectively - become evident.composite C3 the appearance of the broad
band characteristic of calcium phosphate depositomdy detected for 21 days of immersion.

SEM images, Figure 3, revealed an almost complaterage of the surface of composites C5
and C4 after 3 days in the SBF solution. After ysda layer of spherical particle aggregates fully
covers C5 and C4 surfaces.

C4-114

Figure 3: SEM micrographs of the surface of composites C5@hdefore and after soaking in
SBF for 3 and 21 days.

These aggregates consist of humerous acicularatlitet, Figure 4. The morphology of the
deposits suggests the formation of a HA-like lajjer, 16]. Between 14 and 21 days in SBF the
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HA surface layer seems to exhibit morphologicatna@@ements - the spherical particles found at
21 days presented a less acicular morphology thaesetformed after 14 days of immersion, as
shown in more detail in Figure 4. It is known thiz presence of M§ion in the apatite network
decreases its crystallinity [17].

Figure4: Detail SEM micrographs of the HA layer formed oe durface of composite C5 after
soaking in SBF for (a) 14 and (b) 21 days.

The EDS pattern for composite C5, Figure 5, reverat after 1 day immersed in SBF some of
the filler material has dissolved — the Ca, P argl $@jnal decreased during this period. The Si
signal also decreased, between 0 and 1 day of isiometbut in much less extension. From 1 to 3
days the composite surfaces exhibit a pronouncedease in the Ca and P signal and a
corresponding attenuation of the Si and Mg signadgdenciating calcium phosphate deposition.
The deposition rate increases between 3 and 7 glags the analysis of the surface of C5 for 7
days only detected the presence of Ca and P. &ay4 of incubation the Ca/P molar ratio obtained
by EDS, was 1.69. This value is very similar to @&P molar ratio characteristic of stoichiometric
HA - 1.67 [16]. After 14 days in SBF the presenéesband Mg, besides Ca and P, was again
detected. This reversal may be attributing to eithe detachment of portions of the calcium
phosphate layer or the incorporation of these iatsthe surface layer. The presence of sodium
was also detected for this soaking time.
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Figure5: EDS pattern of the surface of composite C5 dunimgnérsion period.

The Ca/P molar ratio for the deposit on composieaffer 14 days of immersion (1.44) is lower
than that obtained for 7 days; however, if we assuhat the alien ions detected could be
incorporated into the HA network, we obtain a netran/P molar ratio of 1.58, as shown in Table
3. Previous studies confirmed the possibility @ substitutions during the immersion of HA and
other related calcium phosphates in SBF [14, 1&erA21 days of immersion chloride was also
found at the surface of composite C5. There arertepf the partial incorporation of this ion into

apatite prepared from water solutions with highdokide concentration [17].

Table 3: Ca/P molar ratios, obtained by EDS, during the @rsion of composite C5.

Immersion time (days) Ca/P (Ca+Na+Mg)/P
3 1.52 1.58
7 1.69 1.69
14 1.44 1.58
21 1.53 1.62
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CONCLUSIONS

The investigated composites, based on a new PMMEHA (50/50) matrix filled with 0, 30,
40 and 50% (wt) of G7 glass - 33.26% CaO, 28.0%%;,”23.03% SiQ, 15.64% MgO (wt.%),
revealed their capability for the precipitationafcalcium phosphate layer after soaking in SBF.
Structural and morphological characterization & surface layer, by XRD combined with SEM,
indicated that it consists of an HA-like deposis éxpected, the formation of the HA surface layer
was faster for composites with higher glass corteB0% and 40%. Composite surfaces were
completely covered after 7 days in SBF. Chang&BR composition combined with EDS analysis
suggest the incorporation of Kfgons in the surface layer after 14 days of imnuersiThe results
obtained are encouraging and suggest that thisbimaetive composites could be an alternative to

the typical PMMA bone cements used for fixatiorodhopaedic implants.
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CHAPTER 2

SECTION |
SILICATE AND BORATE GLASSESASCOMPOSITE FILLERS:
A BIOACTIVITY AND BIOCOMPATIBILITY STUDY

ABSTRACT

Composites filled with a silicate glass (CSi) ansheaw borate glass (CB) were developed and
compared in terms of their in vitro behaviour bathacellular and cellular media. Acellular tests
were carried out in SBF and the composites wergackerized by SEM-EDS, XRD and ICP.
Biocompatibility studies were investigated by itr@icell culture with MG-63 osteoblast-like and
human bone marrow cells. The growth of spherickliwan phosphate aggregates was observed in
acellular medium on all composite surfaces indigatihat these materials became potentially
bioactive. The biological assessment resulteddissimilar behaviour of the composites. The CSi
demonstrated an inductive effect on the proliferatiof cells. The cells showed a normal
morphology and high growth rate when compareddadsrd culture plates. Contrarily, inhibition
of cell proliferation occurred in the CB probablyedto its high degradation rate, leading to high B

and Mg ionic concentration in the cell culture medi

This section is based on the following publication:

Lopes PP, Leite Ferreira BJM, Gomes PS, Correia Rixpandes MH, Fernandes MHV. Silicate
and borate glasses as composite fillers: a biaggctand biocompatibility study. Journal of
Materials Science-Materials in Medicine. 2011;2P91-8510
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INTRODUCTION

Acrylic polymers have been extensively used in apdedic and dental applications as filling
and fixing agents [1]. However, a long-term problassociated with this material is the formation
of fibrous tissue at the bone-cement interface whi@ay compromise the fixation of the prosthesis
[2]. Thus, over the years, a lot of research etfia been put into optimization of the properties o
these materials [1,3,4].

The main condition for a synthetic material to foanstable bond with the bone is the
precipitation of an apatite layer on its surfacéjol is responsible for its bioactivity [5]. Seviera
compositions of glasses may promote this behawamgr they can be used to improve the bone
bonding capability of inert matrices like PMMA.

According to previous work, the formation of hydyapatite (HA) seems to be induced by
functional groups existing on material surface,hsas Si-OH [6]. So, it is accepted and well
characterized that glasses like 45S5 (Bioglass®j fa silica-rich gel layer (Si-OH), through ion
exchange reactions with the physiological mediuntofeed by precipitation of calcium and
phosphate ions, resulting in a bioactive matewhich enhances bonding capability with bone and
soft tissues [7-9].

Recent researches demonstrated that borate-bassstglderived from the 45S5 glass by fully
or partially replacing the SiOwith B,Os, can beconverted into hydroxyapatite when placed in
dilute phosphate solution, being the conversioa tatHA more rapid for the glasses with higher
B,0O; content [10,11]. It is believed that the formatmfrapatite on B-based glasses follows a set of
dissolution-precipitation reactions similar to thosf a Si-based glass, but the silica gel layer is
absent [10].

The biological performance of the B-based glasseskieen addressed in previous studies. In
vivo, particles of a boron-modified 45S5 glass eanihg 2 wt% of boron oxide, implanted in rat
tibia bone marrow, promoted new bone formation arsignificant increase of the thickness of
osseointegrated tissue when compared with conigb4lass [12]. Also, in vitro, boron-modified
45S5 glass containing varying amounts DB tested as-prepared and partially converted to HA
(by soaking in a BHPQy), allowed the proliferation of osteoblast celléhaugh inhibition of cell
growth was observed for the glasses with highgDsBcontent, especially for the as-prepared
samples and tested in static conditions [13]. s tlontext, it seems useful to investigate new
materials and expand the range of glass compositwailable for use in biological applications
and the B-based glasses might be a promising rabteribiological applications.

In terms of filler, innovative studies publishedthye present group showed that some glasses of
the 3Ca0.F0s-MgO-SiO, system have the potential to be used as biomhf{édhand the high
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MgO content in the composition of these glassess da# hinder their apatite forming ability
[15,16]. Therefore further investigation into i®logical behaviour will be of great interest, ®nc
the effect of this filler on the proliferation oélks has not been disclosed.

In this context, the main purpose of the presenkwsto analyse the behaviour of PMMA-co-
EHA composites filled with silicate (CSi) and newrate (CB) glasses, in acellular and in cellular
media, regarding their capability for calcium phoste formation and osteoblast cell proliferation
and differentiation. The proposed borate glass awmitipn was prepared by replacing all the
silicate of the silica based glass by borate, fecoming to our knowledge the only B-based glass
with addition of MgO, for biomedical applicationpund in the literature. Bioactivity of the
composites was assessed in SBF and cytocompatibilidies were performed firstly with the
osteaoblast-like MG63 cell line for a rapid scregniassay and, afterwards, with human bone
marrow cells to assess the performance of the rahtegarding osteoblastic proliferation and

differentiation events.

MATERIALSAND METHODS

Preparation of the glasses

Two different glass compositions were used in tkgeements. A silicate glass composed of
(mol%) 38% CaO, 12.7%,8s, 24.8% MgO, 24.5% SiQOand a borate glass, which consists of a
similar composition where SiWas entirely replaced by,B8;. The glasses were prepared through
the classic melt-quenching method and the resuljtass frit was dry-milled (Retsch, RM100
Mortar Grinder Mill) to a powder with mean partideze of 10um, measured with a Coulter LS
Particle Size Analyzer. The amorphous characténefjlasses was confirmed by X-ray diffraction
(XRD, Rigaku Geigerflex Dmax-C with CuKradiation).

Preparation of the composites

PMMA/EHA/Glass composites in a ratio (wt%) of 25:2® respectively, were synthesized and
compared according to the glass composition [16¢thMl methacrylate (MMA) and 2-ethyl
hexylacrylate (EHA) were obtained from Aldrich Chiead Company and Merck supplied benzoyl
peroxide (BPO). All the reagents were used as vedeiThe composites were prepared by free
radical polymerization at 80 °C for 24 h and ndvating agent was used. The monomers were first
mixed in a glass recipient, afterwards BPO (polypaion initiator) was dissolved in this liquid
mixture and finally the glass was incorporated itite mix. It was poured into a Teflon mould
where polymerization took place. Samples of 5x5%8%mere prepared for the bioactivity and

biocompatibility studies, and sterilized by 70%adiol.
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I'n vitro bioactivity

In order to evaluate the in vitro bioactivity anohtgpare the degree of apatite formation on the
composites, specimens were mounted vertically aakex in simulated body fluid (SBF) at
physiological conditions of temperature and pHpeesively, 37 °C and 7.4. The SBF solution was
prepared according to the formulation of Kokubo &rakadama [17], with ion concentrations
nearly equal to those of human blood plasma (TableThis solution was previously filtered
through a Milipore 0.22um system and it was used a constant specimen susfaa to solution
volume ratio of 0.1 cil. The materials were soaked for periods of 1, 347and 21 days. After
immersion the samples were removed from the fluid ¢heir crystallinity, morphology and
surface modification were followed by X-ray difftam (XRD) and scanning electron microscopy
coupled with X-ray energy dispersive spectroscopEN-EDS, Hitachi S-4100, Japan) at an
acceleration voltage of 25 keV and beam current®fiA. The solution was characterized by
inductively coupled plasma spectroscopy (ICP, Jolwon, JY70 Plus) to measure ionic

concentration and pH was evaluated at the diffeiems.

Table 1: lonic Concentrations (mM) of SBF and Human Blodasha.

Na~ K' Mg* c& cCI HCO; HPOZ SO~

Plasma 1420 50 15 25 103.0 27.0 1.0 0.5
SBF 1420 50 15 25 1478 4.2 1.0 0.5

Biocompatibility studies

MG63 osteoblast-like cells

The MG63 cell line, originally derived from a humasteosarcoma, has shown numerous
osteoblastic features, being largely used in biquatibility tests [18]. These cells were cultured at
37 °C in a humidified atmosphere of 5% 4@ air, in a-Minimal Essential Mediumo -MEM)
containing 10% fetal bovine serum, p@/mL ascorbic acid, 5Qg/mL gentamicin and 2.pg/mL
fungizone. For subculture, PBS (phosphate-buffesadohe) was used to wash the cell monolayer
twice, which was then incubated with trypsin — ED3@&ution (0.05% trypsin, 0.25% EDTA) for 5
min at 37 °C to detach the cells. Cells were resuged in culture medium and cultured (2kaéll
cm?) for 7 days in standard polystyrene culture platesntrol) and on the surface of the

composites. The medium was changed every 2-3 daystrol cultures and seeded material
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samples were evaluated at days 1, 3, and 7 fowieddility/proliferation and observed by confocal

laser scanning microscopy (CLSM; Leica SP2 AOBS).

Human bone marrow cells

Human bone marrow, obtained from orthopaedic syrgeocedures (after patient informed
consent), was cultured in the same experimentaditons as those used in the culture of MG63
cells. Primary cultures were maintained until neanfluence (10-15 days) and, at this stage,
adherent cells were enzymatically released (tryi&DTA solution). The cells were seeded at a
density of 2x16 cell/cnt in control conditions (standard plastic culturatps) and on the surface
of the composites. Control cultures and seededriabtamples were cultured for 21 days in the
presence of 50 pg/ml ascorbic acid, 10nfiMylycerophosphate and 10 nM dexamethasone,
experimental conditions reported to allow the dstast differentiation in this culture system [19].
All the experiments were performed in the first aulhure, since the sequential passage of bone
marrow cells results in a progressive loss of thieablastic phenotype [20]. Control cultures and
colonized composites were evaluated throughout diiéure time for cell morphology, cell
viability/proliferation, alkaline phosphatase (ALBgtivity and ability to form calcium phosphate

deposits, as follows.

Cell viability/proliferation

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphengttazolium bromide) assay is a simple
colorimetric method to measure cytotoxicity and biligy/proliferation, first developed by
Mosmann [21]. This method is based on the capacityable cells to metabolize tetrazolium salt
by forming purple formazan crystals, which can lesalved and quantified by measuring the
absorbance of the solution at 600 nm. Cultures wengbated with 0.5 mg/mL of MTT in the last
4 h of the tested culture period; the medium was thecanted, formazan salts were dissolved with
200pL of dimethylsulphoxide and the absorbance was oredsin an ELISA reader. Results were

compared in terms of macroscopic surface area gnessed as Ach

Alkaline phosphatase activity

Alkaline phosphatase is a glycoprotein that pagréiteés in processes leading to mineral
formation in tissues like bone [22]. ALP activityass determined in cell lysates (obtained by
treatment of the cultures with 0.1% triton in watend assayed by the hydrolysis of p-nitrophenyl
phosphate in alkaline buffer solution, pH 10.3, aotbrimetric determination of the product (p-
nitrophenol) at=405 nm: Hydrolysis was carried out for 30 min &t°€. Results are expressed in

nanomoles of p-nitrophenol produced per minggeof protein (nmol.miri/ug protein).
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SEM and CLSM microscopy

The samples for SEM observation were fixed in 1.§Mtaraldehyde in 0.1 sodium
cacodylate buffer (pH 7.3), then dehydrated in gdadlcohols, critical-point dried, sputter-coated
with gold and analysed in a JEOL JSM 6301F scaneliectron microscope equipped with a X-ray
energy dispersive spectroscopy (EDS) microanalyapability (voyager XRMA System, Noran
Instruments).

For CLSM assessment, the samples were fixed in Jpataformaldehyde (10 min). Cell
cytoskeleton filamentous actin (F-actin) was vige by treating the cells with Alexa Fluor90
488 Phalloidin (1:20 dilution in PBS, 1 h) and ctaretaining with propidium iodide (1g.mL?,

10 minutes) for cell nuclei labelling. Labelled tuks were mounted in Vectashield® and

examined with a Leica SP2 AOBS (Leica Microsystemigyoscope.

Statigtical analysis
Values are expressed as mean * standard devi&iondf three replicates and were compared

using the studenttstest, with a significance level pk0.05.

RESUL TS AND DISCUSSION

I'n vitro Bioactivity

Bioactivity of CSi and CB composites was assesse@BF, which is widely employed as
synthetic plasma, unlike most of the reported sidiegarding the bioactivity of the B-based
glasses [10,11,13,23], that used a 0.02pHRO, solution (with a phosphate ions concentration
approximately 20 times that of the human bloodmlzs

SEM images of CSi and CB composites after immersid8BF for various periods are shown
in Figure 1. Similar results were obtained for th® composites, prepared with different glass

compositions, clearly showing the precipitatioracfurface layer on both.
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Figure 1. SEM micrographs, for the CSi composite (a) befamenérsion, (b) after 3 days and (c)
after 7 days in SBF. For CB, (d) before immersi@),after 3 days and (f) after 7 days. Bars 60 pum
(insert: bar = 6 pum).

As seen in Figure 1 the initial samples (before arsion) were constituted by the glass
particles dispersed in the polymeric matrix. Thisrpihology changed with the soaking time and,
after 3 days in SBF, the spherical precipitatesabetlg grow and partially cover the surface of the
composites. After 7 days, the composites were eaverith a homogeneous layer of precipitates
which consisted of numerous needle-like crystallggregates characteristic of hydroxyapatite
[24]. With further increase in the soaking timeerdn was no significant change in the surface
morphology, and a layer identified as calcium piase could still be observed after 14 and 21

days (not shown).
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The surface chemical analysis was carried out b§ BBd the patterns of the composite surface
composition before and after soaking in SBF areotiegh in Figure 2. The obtained results for 0
days confirmed that the elements that constitidectimposites before immersion are in agreement
with the glass composition. The CB composite reagtdhe presence of Ca, P and Mg (B is not
detectable by EDS) and for CSi, besides these steneents, Si was also identified. The surface of
composites CB and CSi exhibited an increase in 1@h R concentration and a corresponding
decrease of the Mg and Si signal (when it is prgsafter 3 days of immersion, evidencing a
calcium phosphate formation. Furthermore, for tlige ddmposite the presence of a small amount
of Cl ions incorporated in the mineral phases weteaed, probably coming from the SBF. The
surface analysis of the composite CSi, for 7 dagl; showed the occurrence of Ca and P, and the
Si and Mg signal disappeared. For CB, after 7 dngsspectrum was similar to earlier time. The

measured Ca/P molar ratio for this immersion tinaes W.69 for CSi and 1.57 for CB.
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Figure 2: EDS results, for CSi (a) before immersion, (b) mBelays and (c) after 7 days. For CB
(d) before immersion, (e) after 3 days and (f)raftelays.

XRD patterns of composites after the several sgagigriods are illustrated in Figure 3. The
composites without immersion showed typical speafaamorphous phase and absence of
detectable crystalline phase. Peaks accusing mygyaof the surface precipitates began to appear

after 3 days of immersion and sharpened for thgdsnperiod. The results indicate that a calcium
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phosphate was deposited on the surface of CSigbelentified the peaks characteristic of
hydroxyapatite at@= 26°, 32°, 50° and 53 ° attributed to reflecti@@® 2), (21 1), (21 3)and (00
4) respectively [25]. The intensity of these pemdseased with soaking time, due to the growth,
on the composite surface, of an apatite layer bheoed crystallinity with time. The CB spectrum
revealed the presence of Mg-substituted tricalgunosphate phase (whitlockite) together with the
apatite phase in the newly formed layer. After §stldhe peaks of diffraction fol82 28°, 31° and
35° were assigned to the reflection (2 1 4), (DRdnd (2 2 0) of whitlockite. The apatite phase
was detected after 7 days immersion through th&spat®= 26°, 32°, 53°. The precipitation of
two phases (apatite and whitlockite) was also ifledton the surface of sol-gel glasses containing
Mg when exposed to SBF [26,27].
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Figure 3: DRX patterns of composite (a) CSi and (b) CB.

When magnesium is incorporated into the atomioctire of HA, the central calcium atom is
substituted by magnesium. Since the ionic radiudgif (0.69 A) is considerably smaller than that
of Ca* (0.99 A), the placement of Mg into Ca positiontalits the HA structure, resembling more
to whitlockite [28]. Prolonged soaking time of tkemposite arose the apatite phase herewith
whitlockite.

Variation of ions concentration and pH in SBF solutversus soaking time of the composites
are presented in Figure 4. For CSi composite release of Ca and P occurred during the first
period of immersion due to the dissolution of tHasg followed by their consumption for the
growth of calcium phosphate layer, resulting in dhserved decrease in the concentrations of these
ions in the solution. The Mg and Si concentratibightly increased as a result of glass dissolution
and ionic exchange with the solution. For CB conitepshe release of Ca and P showed a similar

profile to CSi indicating that these ions are regdifor the build up of the calcium phosphate layer
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on the composite. The Mg and B concentration imitgwh increased continuously up to 14 days,
reaching values much higher than those regarding CS
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Figure 4: Variation of ionic concentration in SBF due to immgien of (a) CSi and (b) CB, and (c)
pH evolution with time.

The less cohesive structure of borate glass cordparthe silicate glass can be responsible for
its higher degradation rate. Despite the high digem of the borate glass, the pH did not change
significantly until the end of the test. The el@atMg concentration in SBF for this composite can
explain the formation of both apatite and whitldekbhases detected by XRD and consequently the
presence of its signal in EDS for all soaking p#sid-or other bioactive materials it is reporteat th
when the Mg/Ca molar ratio of the solution is higligan 0.05, a Mg-substituted TCP can be
formed [29].
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Biological Assessment

As-prepared CSi and CB composites were seeded M{E®3 osteoblast-like cells for a
preliminary and quick screening. Results are prtesem Figure 5. Regarding the MTT assay,
control cells, seeded in standard polystyrene rulplates, presented a lag phase followed by an
increase in the cell proliferation, especially fraiays 3 to 7. Comparatively, seeded CSi displayed
significantly higher values at day 1, suggestingtta higher number of cells attached to the
composite, and, afterwards, cells proliferated vaithimilar growth rate, resulting in higher MTT
reduction values throughout the entire culture tiB contrast, seeded CB composite presented
low MTT values at day 1, and, following, cell pfeliation increased slowly during the culture
time. CLSM observation of the cultures is in linghathe MTT assay. At day 7, seeded CSi was
completely covered by a continuous and thick wellamized cell layer, whereas CB showed only

few and altered attached cells.
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Figure 5: Behaviour of MG63 osteoblast-like cells cultured tgp 7 days over CSi and CB
composites. (A) Cell viability/proliferation, estated by MTT assay, (*) Significantly different
from control culture. CLSM images at 7 days, on (i and (C) CB.
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In addition, CSi and CB composites were seeded tittnan bone marrow cells and were
cultured in conditions known to favour osteoblai$tedentiation [19]. Observation of the seeded
materials by CLSM (Figure 6) showed that, followiogll plating, cells attach to the material
surface within minutes. Over CSi, at 1 h, attachelis showed varying degrees of cytoplasm
expansion, displaying an elongated morphology ah 2#ith a well defined nucleus and F-actin
cytoskeleton. Cells proliferated throughout theuna time and, at day 21, the material surface was

covered with a continuous and well organized eslét.

CSi CB
F

Figure 6: CLSM observation, for CSi composites seeded witmdnu bone marrow cells and
cultured for (A) 1 hour, (B,C) 24 hours, (D) 7 da§fs) 14 days and (F) 21 days. For CB composite
(G) 1 hour, (H, 1) 24 hours, (J) 7 days, (K) 14 sland (L) 21 days. A, B, G and H: bar, 60 um; C
—Fand |- L: bar, 500 um.

The MTT assay, Figure 7 confirmed this behavioue.,i an increase in the cell
viability/proliferation during the culture time. laddition, cells presented a high ALP activity,
which increased significantly during the third weslggesting that the growing cells were engaged

with an osteoblast differentiation process [20,30].
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Figure 7: Cell viability/proliferation by MTT assay (A), analkaline phosphatase activity (B) of
human bone marrow cells grown over CSi and CB fbrddys. (*) Significantly different from
control culture

Accordingly, SEM observation of colonized CSi comip® at day 21 showed a thick cell layer
with a fibrillar matrix and associated calcium pplate mineral deposits, Figure 8, a proof of the
complete expression of the osteoblast phenotypé [RB9 contrast, cells cultured over CB
composite showed signs of deleterious effects daggrthe cell adhesion process, reflected by a
low number of attached cells at 1 h and impairedpigsm expansion at 24 h. Cell proliferation
was also impaired with only small cell clusterstsrad over the surface at day 21. ALP activity
was also lower than that on CSi, and matrix mineatibn did not occur. Results for CB composite

are shown in Figures 6-8.

Intensity (a.u.)
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Figure 8: SEM appearance of human bone marrow cells cultimedl days over CSi composite,
inset: EDS spectrum of the mineralized structuaed, CB composite.
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As mentioned before, CSi and CB composites werdeskéas-prepared” and the differences
regarding the biological performance might be ezlab the behaviour of the composites following
cell culture. Exchange reactions between the natsdrface and the culture medium such as
dissolution/precipitation reactions along with tsienultaneous adsorption of biologically active
molecules such as peptides and proteins creatgsciis microenvironment that can positively or
negatively influence cell adhesion and the subsagoeliferation and differentiation events [31-
33]. Results reported in the previous section sladoavdifferent behaviour of CSi and CB following
immersion in SBF, suggesting that differences & ¢hemical composition and dissolution of the
glasses have an important impact on cell growth.

The improved biological performance of CSi compawith CB is related with its lower
degradation rate, which is directly correlatedie themical composition and structure features of
the glass used as filler in percentages of 50 %he. structure and network connectivity strongly
determine the solubility and bioactivity of the ggashowing that the adhesion and proliferation of
the cells on the composite filled with silicate gfas favoured. In addition, the positive effect of
CSi on cell behaviour may also be related to thease of silicon, which plays an important role in
physiological process during the growth and devalemt of the bone, acting on the proliferation
and differentiation of osteoblasts [34]. The levelshe released Si (20 ppm) are within a wide
range, between 0.1 and 100 ppm, which leads tosa dependent increase of human osteoblast-
like cells’ proliferation and differentiation, inhert-term cultures [35], and within the variable
physiological range in humans [36].

In the CB composite, the structure of the boratesglis less cohesive and therefore more
soluble, resulting in two apparently competing e the formation of calcium phosphate layer
improving biological performance, and the high aske of ions into the cell culture medium
causing a greater inhibition of cell proliferatiohs suggested by the results found in SBF, B and
Mg ions in the culture medium released from CB naiain levels high enough to cause
cytotoxicity. Previous in vitro works demonstratdet borate glass resulted in a greater inhibition
of cell proliferation under static culture conditg if the boron concentration was above a certain
threshold value [13,23]. Although it has alreadgteeported the whitlockite stimulation of cell
proliferation and the synthesis and secretion diagen [37], the ICP measurements showed an
abnormal concentration of magnesium, which togettigr B may result in a negative effect on
cell proliferation.

Results providedn vitro evidence of poor biocompatibility for thmposite. However, it is
believed that, in vivo, the effects of ion releasight be less severe than those seen in the cell
cultures experiments performed under static camthti The body fluids represent a more dynamic

system in which the local chemical changes arenadtied by metabolic processes and by the
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continuous circulation, preventing the excessiveelleof ions at the interface cell/material.
Moreover, in living body, upon the implantation af material in the bone tissue, there is a
continuous availability of osteoblast progenitoliscéhat can adhere to the material surface when
the appropriate sets of conditions are met. Thesmorfs most probably will increase the

performance of the CB composite.

CONCLUSIONS

The investigated composites, CSi and CB, promdtedytowth of spherical calcium phosphate
aggregates after soaking in SBF, indicating thasehmaterials are potentially bioactive. The key
difference between their cell behaviour is the cisahmature and structural features of the glass
fillers, responsible for the dissolution rate argmical environment around the cells. The CSi
composite demonstrated an inductive effect on tbéferation of MG63 and human bone marrow
cells, and stimulated specific metabolic activiteesh as ALP activity and matrix mineralization
suggesting that this composite may have a stimylafiect on bone formation in vivo. The CB
composite produced a certain inhibition of cell lipeoation, probably due to the excessive
presence of its ionic dissolution products in a@tmedium. The use of more dynamic cell culture
conditions is expected to alleviate the observddtelous effect on cells. Composites filled with
lower percentage of borate glass may have betliefazebehaviour, due to an expected decrease of
ionic concentrations of the glass dissolution potsluThe comparative study of CSi and CB
composites evidenced the high performance of Gfirdéng bioactivity and biocompatibility and
clearly indicated that, with respect to CB compm$itrther and new experiments are required and a

more in depth study should be made in order tosaste performance in biomedical applications.
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CHAPTER 3

PROPERTIESAND OSTEOBLASTIC CYTOCOMPATIBILITY OF SELF-CURING
ACRYLIC CEMENTSMODIFIED BY GLASSFILLERS

ABSTRACT

New formulations of surgical PMMA-based bone cersewnith better properties than those
commercially available were attempted. Materialedi with a silicate glass (MSi) and a borate
glass (MB) were developed and compared in termsheif in vitro behaviour. The effect of
proportion (0, 30, 40 and 50 wt%) and compositiérfileer on the curing parameters, residual
monomer, water uptake, weight loss, bioactivitychamical properties (bending and compression)
and osteoblastic cytocompatibility was evaluatelde Bddition of bioactive glass filler exhibited
significant improvements in the curing parameterd ia the mechanical properties of the cements.
The most relevant results were obtained for theetofiler concentration (30 wt.%) a maximum
flexural strength of 40.4 MPa for MB3 and a maximeompressive strength of 95.7 MPa for
MSi3. On what concerns the bioactivity, the forroatof the apatite layer was more effective for
cements with higher glass content as expected. riiega the biological assessment, the
incorporation of the silicate glass significantiygroved osteoblastic cytocompatibility, whereas
the presence of the borate glass resulted in agqabresponse. Nevertheless it was demonstrated
that the surviving cells on the MB surface wereaimore differentiated stage compared to those
growing over non-filled PMMA. Results suggest ttiet developed formulations offer a high range

of properties that might be interesting for theseas self-curing cements.

This chapter is based on the following publication:

Lopes PP, Garcia MP, Fernandes MH, Fernandes MHYbopdrties and osteoblastic
cytocompatibility of self-curing acrylic cements difded by glass fillers. Journal of Biomaterials
Applications, submitted.
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INTRODUCTION

PMMA-based bone cements occupy a distinctive platethe hierarchy of synthetic
biomaterials, because they are the only materialeently used for anchoring the prosthesis in
orthopaedic surgery, being an alternative to nanesged techniques [1].

The history of cemented joint arthroplasty beginthwharnley who described a totally new
surgical procedure in 1958 [2]. Nowadays, acrybodé cements are used in more than 90% of total
hip surgeries in developed countries [3]. The chhisuccess rate of implanted cemented
arthroplasties, especially those of the hip andekinepatients aged over 50 years, is very high,
averaging at least 90% after 15 years [1].

The function of PMMA bone cements is to fill theasp between the prosthesis and the bone,
forming a mechanical bond with the surfaces, aadstmitting the applied force and body weight
uniformly to the tissue, working as a load bearimaterial [4]. Although universally used for many
years PMMA bone cements are beset with a numbairasibacks that limit their performance such
as non-bone-bonding capability, relatively low meatical strength, release of unreacted monomer
and high curing temperatures. These problems casecserious complications in vivo, such as
necrosis of the surrounding tissues and even laog@h the implant [5-7].

Among the attempts made to improve the propertfeth@® bone cements, one can find the
incorporation of a bioactive filler, promoting bi#vity, i.e. bone growth around the implant,
resulting in increased longevity of the prosth¢8]sHowever, it has been previously reported that
the addition of a bioactive filler is limited due the detrimental effect on the mechanical progsrti
of the cement. The effect of filler is not cleas,ibdepends on a number of factors, such as pie ty
of matrix and filler as well as their concentrat{®n 10]. Vallo et al, showed that a maximum of 15
wt% HA (hydroxyapatite) [11] and 50 wt% of glasstpdes [8] can be incorporated in a cement to
increase flexural modulus and fracture toughnespek et al, verified that the addition of 30 wt.%
glass, referring to the wt.% of the solid compondnta PMMA-co-EHA matrix resulted in
significant increases in flexural strength and t@amodulus, thus enhancing the mechanical
performance of the material [5]. Harper et al, réga that the addition of HA up to 40 wt% to a
poly(ethyl methacrylate)-based bone cement inccebeth the flexural strength and modulus [12].

The N,N-dimethyl-4-toluidine (DMT) is currently useas activator in the curing of
commercially available formulations of acrylic bosements. In vitro studies on the toxicity
produced by this activator demonstrated that itseawa delay on the cell replication when it is
exposed to osteoblastic cell cultures [13]. Othedasirable characteristics of this compound
include high toxicity, possible carcinogenic effecthromosome-damaging, and inhibition of

protein synthesis [14, 15]. To overcome these demk$® alternative compounds have been
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suggested. The application of 4,4-bis (dimethylahimenzydrol has been recently studied giving
rise to cured materials with improved biocompaitipi[16], which was attributed not only to the
reduced cytotoxicity of this new activator but aleats antiseptic properties [13].

The present study reports the preparation of cesneith a low toxicity activator and the
modification of the respective solid phase throtigh addition of two bioactive glasses (a silicate
glass and a borate glass). The aim of the incotiporaf the glass fillers was to improve the
mechanical properties and to induce bioactivitytf@nsystem. It has been shown in previous works
by the authors of this study that PMMA-based coritpddled with the same glasses compositions
(thermally cured composite) exhibited a fast foioratof apatite in simulated body fluid (SBF),
indicating the suitability of these materials famie repair [17, 18]. The effect of the glass filber
the curing parameters, residual monomer, waterkepaad weight loss was also investigated. In
addition, the biological performance of the predazements was assessed with human osteoblastic

bone marrow cell cultures.

MATERIALSAND METHODS

Cement preparation

New formulations of bone cements were prepared fi@ulid and a liquid phase by free radical
polymerization. Methyl methacrylate (MMA monomer,ldAch) was mixed with 4,4-bis
(dimethylamino) benzydrol (Aldrich) as an acceler&ictivator of the polymerization, resulting in
the liquid phase. The solid phase was constituygNMdMA polymer (molecular weight of 120,000
and mean particle size of 100 um, Aldrich), glaadiples and benzoyl peroxide (BPO, Merck) as
initiator. Two different glass compositions (Taldlewere used in this work, a silicate-based glass

and a borate-based glass.

Table 1. Glass composition (mol%), specific surface arahdansity.
SSA Density

Glass CaOo s MgO Sio B,Os (mzlg) (glc mg)
Silicate 38,0 12.7 24.8 245 0.030 2.91
Borate 38,0 12.7 24.8 245 0.029 2.69

The glasses were prepared through the classicquetieching method following a procedure
described in Lopes PP [17, 18]. The specific s@fawa (SSA) was measured following the BET
(Brunauer-Emmett—Teller) method (Qyantasorb, Qu@mtame) and helium pycnometry
(Micromeritcs, Accupyc 1330) was used to determtime glass powder density. The solid and
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liquid phases were manually mixed with a glassuai the mixture became dough with a high
viscosity. Then the dough was placed into a pdisgteioroethylene) (PTFE) mould and cured at
room temperature. The formulations were preparedabying the composition of the solid phase,
replacing 0, 30, 40 or 50 wt.% of the PMMA by thedztive glasses. The final nominal
composition of the cements is presented in Tablelizre PMMA refers to 0% glass, MSi3 and
MB3 to 30%, MSi4 and MB4 to 40% and MSi5 and MB%@% glass, in relation to the wt.% of
the solid phase. The solid:liquid ratio employedswar5:1, with the initiator/activator in a molar
ratio of 1.3. Some pores were observed in the coeetents which may be attributed to entrapped
air during mixing and monomer evaporation over payization. When MMA polymerizes the air
bubbles are embedded and covered by the PMMA matthich also encloses the bioactive glass

particles.

Table 2: Composition of the solid and liquid phases ofdbgeloped cement (wt%).

Samples Solid Phase Liquid Phase
PMMA GSi GB MMA
PMMA 63.6 36.4
MSi3 44.6 19 36.4
MSi4 38.6 25 36.4
MSi5 31.8 31.8 36.4
MB3 44.6 19 36.4
MB4 38.6 25 36.4
MB5 31.8 31.8 36.4

Determination of curing parameters

Both cement components were mixed together in allsRIBFE beaker for 1 min, and
approximately 6 g of the obtained dough was theaceqa into a cylindrical mould at room
temperature. The exothermic polymerization tempeeatwas measured using a digital
thermometer inserted in the curing mass at apprbely 3 mm from the bottom of the tube, and
was recorded every 10 seconds. Time was measutlediwhronometer from the onset of mixing
the powder with the liquid. Setting timegcftwas calculated as the time at which the temperaiti
the mass corresponded to the sum of the ambiepeti@ture () and the maximum temperature
(Tmay divided by two.

Tax + T,
tﬁﬁT:@ﬂ&?ﬂ&j 1)
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The measurements were done in triplicate accordin§O 5833 standards for acrylic resins by

recording the polymerization temperature—time feef{19].

Residual monomer content

The residual monomer content was measured by meaHsNMR (proton nuclear magnetic
resonance) spectroscopy with a BRUKER AVANCE 30@chmmeter operating at 300 MHz at
room temperature. The samples were dissolved udmgerate chloroform as solvent and
tetramethylsilane (TMS 1 vol.%) as the internalerefice. The percentage of monomer moles

present in the cured cement sampl&i{@owas calculated using the following expression:

Mr = (1.5xﬂjxloo )

Am
where Avand Amstand for the area of vinyl and methoxyl sighadspectively and 1.5 is a factor
relating the number of protons of the methoxyl grdilree) to those in the vinyl region (two). All

the values were the average of three replicate2[P|0

In vitro bioactivity

Specimens of 5x5x3 mm were mounted vertically avaked in simulated body fluid (SBF) at
physiological conditions of temperature 37 °C ardl p.4. The SBF solution was prepared
according to the formulation of Kokubo and Takadd&%#, with ion concentrations nearly equal
to those of human blood plasma. This solution wasipusly filtered through a Milipore 0.22m
system and a constant specimen surface area tioosolwlume ratio of 0.1 ci was used. The

materials were soaked for periods of 3, 7, 14 dnda&¥s.

Mechanical Properties

The various composites were tested on bending ampr@ssion. All samples were prepared in
the same way to avoid the eventual influence of pheparation technique upon mechanical
properties. Bending test specimens were produceduktyng the original composite slabs into
beams of 40 mm x 5 mm x 4 mm using a band saw &tr8ecotom-10). Three-point bending
tests were performed at room temperature in a Btsgfo Force 3400 machine at a crosshead
speed of 1 mm/min [6, 23]. Six samples of each amsitipn were tested. The strength)and the
flexural modulus (E) were calculated using the standard formulae [BB& E data were extracted
from the initial linear portion of the load - disglement curve.

_3xFxL

S ialalaL R
2xbxh? @)

Op
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L3 xAF

* T abxtinay
where F is the highest load of the load —displacgroerve L is the distance between end supports,
b is the width h is the height of the specimetE: andAy are the gradient of load and displacement,
respectively, of the initial straight-line portiofithe curve.

In compression tests, cylindrical samples (diamétetm and height 12 mm) were deformed at
speed of 20 mm/min. This mechanical assay was edsoed out at room temperature in a
Bose/Electro Force 3400 machine. For each setraposition 5 samples were tested. The strength

(oc) and the flexural modulus gewere calculated using the relationship:

o=t ©
_AF xh
Ee=ia ©

whereF is the load applied just before crushiAgs the initial cross-sectional ardais the height

of the sample [24].

Water uptake and weight loss

These parameters of the self-curing materials veseduated under simulated physiological
conditions. The specimens were soaked in PhospBaffered Saline (PBS) at pH 7.4 and
maintained at temperature 37 °C. A constant specsugace area to solution volume ratio of 0.1
cm* was used. At appropriate times, 3, 7, 14, 21, @B @0 days, the samples were rinsed with
ultrapure water, blotted on filter paper to remeueface solution/water, and immediately weighed.

Water uptake (WU) and weight loss (WL) were caltadausing the following equations:

WU = [uj x100  (7)
m

(o]

mft_mo
WL=| L —21x100 (8)
m

o
where mstands for the mass of the specimen at time t jdays is the mass prior to immersion
and m, is the final mass of the specimen kept in thenowstil constant mass after t days of
immersion in the PBS [25, 26].

Osteablastic cytocompatibility
Cytocompatibility studies were performed with hun@steoblastic cell cultures. Human bone
marrow, obtained from orthopaedic surgery procesluadter patient informed consent, was

cultured ina-Minimal Essential Mediumo -MEM) containing 10% fetal bovine serum, p@/ml
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ascorbic acid, 100 1U/ml penicillin, 2ig/ml streptomycin and 2,&g/ml fungizone, at 37 °C in a
humidified atmosphere of 5% G@ air. Primary cultures were maintained until neanfluence
(10-15 days) and, at this stage, adherent cell®e veerzymatically released (trypsin—-EDTA
solution). First-passage cells were seeded at aitgenf 2x1d cell/cnf over the surface of the
cements. Seeded cements were cultured for 21 datfseipresence of 50 pg/ml ascorbic acid,
10mM B-glycerophosphate and 10 nM dexamethasone. Cobbmiegerial samples were evaluated
for cell viability/proliferation, alkaline phosptese (ALP) activity and were observed by scanning
electron microscopy (SEM) at days 7, 14 and 2leualuate cell morphology, pattern of cell

growth and matrix mineralization.

Cdll viability/proliferation

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphengttazolium bromide) assay was used to
assess the cell viability/proliferation. At daysl#, and 21, colonized materials were incubated with
MTT, during the last 4 hours of the culture timstéel. The formazan salts were dissolved with
dimethylsulphoxide and the absorbance was measuiréd2 nm in a ELISA reader (Synergy HT,
Biotek). Three replicates were set up at each ¢iomdi Results were compared in terms of

macroscopic surface area and expressed ag’Acm

Alkaline phosphatase activity

The colonized materials were treated with 0.1%brtriin water (to lyse the cell layer) and the
cell lysates were evaluated for ALP activity anthkgrotein content. ALP was assayed by the
hydrolysis of p-nitrophenyl phosphate in alkalingfer solution, pH 10.3, 30 min at 37 °C, and
colorimetric determination of the product (p-nithgmol) atA=405 nm. Enzyme activity was
normalized by total protein content (determined Umwry method). Results are expressed in

nanomoles of p-nitrophenol produced per minygeof protein (nmol.miti/ug protein).

Scanning €l ectron microscopy

For SEM observation, materials samples were fixe8% glutaraldehyde in 0.1} sodium
cacodylate buffer, pH 7.3, 10 min), dehydrated iadgd alcohols, critical-point dried, sputter-
coated with gold and analysed in a JEOL JSM 63@&Rring electron microscope equipped with
a X-ray energy dispersive spectroscopy (EDS) mitabyesis capability (voyager XRMA System,

Noran Instruments).
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Statistical analysis

Statistical significance between groups was perdoinby one way analysis of variance
(ANOVA) followed by Tukey multiple comparison tegiost-analysis to evaluate statistical
differences among samples. All values are expreasadean and SD. prvalue below 0.05 was

considered significant.

RESULTSAND DISCUSSIONS

Curing Parameters
In all cases, the maximum temperature of the coitgmsontaining bioactive glass was lower
than that of the PMMA formulation used as referefidee incorporation of higher percentages of

glass increased the setting time and decreaseddakienum temperature Figure 1.
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Figure 1: Curing parameters for cements filled with silicgtass (a) and cements filled with
borate glass (b).
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One way ANOVA indicated that the values obtainedthe curing parameters of the different
composites were significantly different (p < 0.0%5h explore the differences among the means,
Tukey’s multiple comparisons were performed. Thaults showed that for the setting time, there
IS no statistical difference between the groups9vigid MB3, and MSi4 and MSi3. Regarding the
maximum temperature, the mean of MSi3 and MB3 diffeom the mean of the other groups and a
significant difference was also detected between5Mhd MB4. With respect to the control
(PMMA), all obtained values were significantly @éféent.

The maximum temperature reached during the curirimpoe cements is directly related to the
amount of heat produced as a consequence of thmeotation reaction of the liquid phase. This
temperature is lower when the glass is presertesirhomogeneously distributed solid material in
the cement dough may absorb some of the heat peddby the exothermic reaction of
polymerization [27]. Moreover, it is known that thg the mixing a partial dissolution of the
PMMA beads in MMA monomer occurs, hence their payrohains become available for free
radical polymerization acting as an additionaliatdr and consequently affecting the reaction
kinetics [28]. Thus decreasing the amount of tHRIgMA particles will retard the polymerization,
increasing the setting time and possibly decreagiegmaximum curing temperature. Regarding
this, it is worth mentioning that the peak tempares, recordeth vitro, do not correspond to those
actually reachedh vivo. Clinical tests showed significantly lower intraative peaks at the bone-
cement interface due to the thin layer of requenhent, the heat dissipation of the system via the
implants and local blood circulation [29].

The values of curing parameters of the cement diitlerent glass contents fulfilled standard
requirements for the bone cement [30]. The comjoosdf glass (silicate or borate glass) does not
have much influence on the maximum temperatamé, even the effect of the proportion is limited
since there is no difference between compositioitts 40 and 50% of the glass. The cement filled
with borate glass showed a setting time higher tin@ncement filled with silicate glass for all
proportions (30, 40 and 50%). This behaviour cancteted with the lower density of borate glass,
2.69 g/cm, compared to the silicate glass, 2.91 g/aresulting in a higher volume, for the same
wt.% in the composite and a similar surface afgdhenglasses (Table 1). The high volume of glass
promotes an increase of the contact interfacehigher volume of the particles will be wetted by
the monomer becoming unavailable for the curingc@ss and thus the glass particles act as an

array of barriers to the polymerization, delayihg setting time [31].
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Residual Monomer content

It is known that the polymerization reaction of MMz#ases before consuming the available
monomer. A total conversion can never be reachedi@uhe mobility of the monomer molecules
that diminish dramatically with the increasing dbugscosity. Therefore an amount of 2—6% of
residual monomer can be present in a cement mg@k The %Mr content for the prepared
formulations is shown in Figure 2. One way ANOVAosled that the obtained values were
significantly different (p < 0.05), except betwd@MMA and MSi3, and MSi4 and MB4.

Mr (%)
(%]

O T T T T T T 1
PMMA MSi3 MS4 MSi5 MB3 MB4 MBS

Figure 2: Residual monomer content for the studied cements.

The results revealed that the residual monomerecorgightly increased with the addition of
the glasses. It is believed that part of the mondigaid can be immobilized on the filler surface,
causing the increase of viscosity and consequehgydecrease of the polymerization rate with the
filler content [32]. Moreover it was already memsal that the presence of insoluble phases can
interfere in the polymerization reaction, actingaasarray of barriers. The mobility of the monomer
can thus be greatly decreased leading to the iperefanon-reacted monomer that remains trapped
in the cement matrix. In the present study the emlaf the residual monomer content for all
developed cements were lower than 5% which is withie acceptable limits for use as bone

cements.

In vitro bioactivity
Figure 3 compares the precipitates formed on thfasa of cements filled with silicate and
borate glasses, later identified as calcium phdspha is clear that after soaking for 7 days

spherical precipitates developed on all cemenfaces.
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Figure 3: SEM micrographs of the cements surface after sgakisBF and EDS spectra.

It can be seen from the micrographs that a deyee V@as formed on the MSi5 and MB5 within
7 days, while the surface of MSi3 and MB3 were cetleby sparse nuclei and few agglomerates.
After 21 days, the layer completely covered MSi8l MB5 surfaces, and its thickness increased.
For MSi3 and MB3, their surfaces were not fully emd with the precipitates even after 21 days
of immersion. The morphology of the precipitategelaon MSi5 and MB5 samples is different
from that on MSi3 and MB3. This could be explainkg the difference in the degree of
crystallinity of the formed calcium phosphate, awill be discussed below in detail based on the
XRD patterns. The composition of the layer, oncalinents, is similar and composed by Ca and P,
with residual amounts of Na, Mg and Cl. After 2yslaf immersion, the calculated Ca/P ratios for
the precipitates were 1.64 for MSi3, 1.67 for M5 for MB3 and 1.60 for MB5. As expected,
the formation of the calcium phosphate layer watefafor cements with higher glass content.

For the cements filled with 40% glass after 21 dafysnmersion (results not shown), the MSi4
exhibited a behaviour similar to MSi5 developindense apatite layer, whereas for the MB4 the
calcium phosphate formation was comparable to MBBafew precipitates were formed.
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Further information on the structure of the layersvobtained by XRD, Figure 4. The patterns
exhibited the characteristic peaks t=226 and 32° attributable to apatite, reflectigh® 2) and

(2 1 1) respectively, for all cements investigated.
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Figure 4: XRD patterns of surface cements MSi3 (a), MSi5 (b), M83and MB5 (d).

For MSIi5, other apatite peaks fd#-=250° and 53° — attributed to reflections (2 1 83 €0 O 4)
— became evident after 21 days of immersion [18F Wiffraction peaks were more defined and
intense for MSi5 and MB5 when compared to thoskI®i3 and MB3. In addition, the intensity of
these peaks improves with increasing immersion,timdicating the enhancement of crystallinity
of the apatite layer growing on the cement surfaith time. XRD results also showed that the
cements filled with higher glass concentration oelli the precipitation in SBF of calcium
phosphates with a higher degree of crystallinity.

The ICP curves for all formulations studied aresittated in Figure 5. The variation of Ca and P
concentration for both cements was due to the filissolution (increasing the concentration in the
solution) followed by their consumption for the fmation and growth of the calcium phosphate

layer, resulting in the observed decrease in thmeamtrations of these ions in the solution at 21

days.
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Figure 5: Variation of ionic concentration in SBF due to inmien of cements filled with a
silicate glass (a, b) and cements filled with aab®glass (c, d). Dashed lines are to guide the eye

This behaviour is more pronounced for cementsdillvith borate glass, especially in the case
of Ca. The Mg and Si, for cements filled with silie glass, and Mg and B for cement filled with
borate glass, had their concentration continuoirstyeasing as a result of glass dissolution and
ionic exchange with the solution. The B concentratin solution is higher than the Si
concentration. The less cohesive structure of trate glass compared to the silicate glass can be
responsible for the higher B release rate [33].

Structural and morphological observation of thdame layer indicated that cements with higher

glass content induce higher calcium phosphate fooma

Mechanical Properties
The maximum strength and the elastic modulus, &rding and compression, of the samples
are shown in Table 3. Glass filled cements exhibiteproved mechanical properties when

compared with the PMMA formulation used as refeeefithe most relevant results were obtained
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for the lower filler concentration (30 wt.%) a mamim flexural strength of 40.4 MPa for MB3 and

a maximum compressive strength of 95.7 MPa for MSi3

Table 3: Mechanical properties of the samples.

Bending Properties Compressive Properties

Samples
c (Mpa) E (Gpa) c (Mpa) E (Gpa)

PMMA 243+1.9 1501 855+2.1 14+01
MSi3 40.0+4.8 21+01 95.7+2.2 1.8+0.2
MSi4 34.8+4.5 21+0.2 92.3+3.3 1.8+0.2
MSi5 304+4.4 21+0.2 92.2+3.3 19+0.2
MB3 40.4+29 22101 95.2+3.2 19+0.1
MB4 34.7+2.2 21+01 92.3+1.5 1.8+0.2
MB5 30.0+2.6 21+0.2 92.3+2.0 19+0.1

One-way ANOVA revealed that the differences in Hending and compressive strength and
elastic modulus were significant (p < 0.05). Tukegiultiple comparison tests were used for
pairwise comparisons among the group means. Thdirfestrength of the cement filled with glass
does not differ significantly (p > 0.05), exceptween cements MSi3 and MSi5/ MB5; and MB3
and MB5/MSIi5 (p < 0.05). The elastic modulus (begdand compression) and compressive
strength for the glass-reinforced composites wearssidered to be similar, but significantly
different when compared to that of control (PMMA).

A 30 wt.% addition of glass brings improvementghie mechanical properties. However the
increase in glass content to 50% can cause a getezous distribution and agglomeration of the
filler. When the filler starts aggregating, it beba as a point of possible stress concentration,
thereby weakening the cement and therefore thagttreis reduced even if the filler is strong
enough to increase the elastic modulus of the imhtgk0, 34]. The same happens with the
compressive properties.

The strength in composites depends on the strasfgfioth the filler and the matrix, and the
degree of adhesion between them. During the exaibgrolymerization reaction, thermal stresses
are generated due to the differences in the theewphnsion coefficients of the composite
components. The shrinkage of the PMMA matrix isagge than of the glass particles according to
the literature [35], resulting in a circumferentiahsile stress adjacent to the glass. This leads t
weak bonding between the matrix and the filler amehce, polymer—glass detachment can occur

[27]. Previous studies have indicated that pooerfate adhesion between the constituents of
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composites can be responsible for their decreasetiamical properties [5, 11, 36]. The increase in

glass content contributes to the aggravation sfphoblem.

Water uptake and weight loss
Water absorption may affect composite materialsetgmeducing their mechanical properties.

Since dissolution of glass occurs in physiologimaldium, it was considered important to analyze
both water uptake (WU) and weight loss (WL) in teeeloped cements. The evolution of the WU,

WL and pH values with time is illustrated in Figuie
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Figure 6: Water uptake (a), weight loss (b) and pH values$qic)he investigated formulations.

83



The data showed that the WU values for cementsdfilvith borate glass were higher than
control (PMMA), while for the cements filled withlisate glass the behaviour was the opposite,
with the material showing a lower/similar wateralg. The amount of incorporated glass can also
influence the water uptake. Overall, the resulticated that the compositions containing 50% of
glass presented a higher WU capability than fortrarlawith 30% glass during the same period.
For cements with higher glass content the formabibraoid spaces around the glass particles are
more likely to occur, allowing an easier penetmaid water through these voids.

Bone cements are expected to maintain good medchapioperties after long periods of
implantation, and consequently the water uptakeulshdoe constrained. It is known that
commercial bone cements, due to their hydrophobltabiour, present a low WU usually lower
than 3 %, which can lead to a slight decrease imptessive and bending properties after 4 weeks
in water at 37 °C [37]. In the formulations studiedhe present work the highest obtained values
for WU reached around 4% (Fig. 6a).

All the materials exhibited a small loss of weighiring the test period (Fig. 6b). The obtained
values were less than 1.6%, similar to those regdart other works, with HA-filled bone cements
[38, 39]. In the present study, the cements fillgth silicate glass presented lower WL, compared
to the composites containing borate glass, whiainag most probably due to the less cohesive
structure of this glass [18, 33]. In general, fogigen time, the formulations with higher WL
correspond to the cements filled with higher gdks amounts.

MSi3 showed a low WL during the 60 day immersioat BSi5 exhibited an increase in WL
after 14 days incubation, and at days 21 and 28esavere similar to those found in the materials
containing borate glass. WL increased continuousiyie B-glass composites up to day 14, being
approximately constant until day 28. The MB5 shovlesl highest weight loss. The behaviour of
borate glass composites correlate well with theenkesi WU, since the increase of water content
would allow for more material to be leached out.

For a long incubation time (60 days), there waserehse in WL, observed in both types of
composites. The WL tests were carried out in PB% known that the PBS is a buffer solution,
isotonic, non-toxic, and does not contain Ca incisnposition. However, it does not inhibit the
calcium phosphate formation on the material surfabes it is probable that in the present case the
ion exchange reactions between the glass and théosois followed by the precipitation of a
calcium phosphate layer, characteristic of the odegkbioactive behaviour of the cements. The
competition of both processes, degradation of #ment and calcium phosphate precipitation, is
likely to explain the observed results.

The pH did not change significantly until the erfdhe test, with values lying between 7.3 and
7.6.
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Osteoblastic cytocompatibility

Cell viability/proliferation
Human bone marrow cells, first subculture, werduradd over PMMA samples and the composite
cements in conditions that favour osteoblasticeddhtiation [40, 41], and results regarding the

proliferation/differentiation behaviour are shownFigures 7 — 10.

oiiiii-i.

PMMA MSi3 MSi4  MSi5 MB4 MBS
(a) 7 Days ®14Days m21 Days

| i'llin

PMMA MSi3 MSi4 MSiS MB3 MB4
(b) 7 Days m14Days m2l1 Days

§8)

Abs/cm? (A=550nm)

nmol/pg .min

Figure 7. Cell viability/proliferation (A) and alkaline phobptase activity (B) of human
osteoblastic bone marrow cells cultured over PMMAd a&he glass-filled cements, for 21
days.*Significantly different from PMMA.

Colonized PMMA samples presented low values of dability/proliferation, which increased
slowly throughout the 21-day culture period. Theoiporation of Si glass resulted in an increase in
the cell proliferation, but this positive effectadeased with the increase in the glass content.
Compared to PMMA, compositions MSi3 and MSi4 présdnsignificantly increased values
(around 2 fold, at day 21). However, the composititSi5 presented lower cell proliferation and,
compared to PMMA, values were only slightly higlaédays 7 and 14 and similar at day 21. The
incorporation of B-glass did not improve the bebavi of PMMA regarding cell
viability/proliferation. The composites presentedvér values in the MTT assay and the negative
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effect increased with the increase in the percentafgincorporated B-glass. The compositions
MB3 and MB4 showed a low increase up to day 14 &uday 21, MTT reduction values were very
low. The composition MB5 exhibited low and progreslky decreased values throughout the

culture time. Results are shown in Figure 7A.

Osteoblastic differentiation

Cultures growing over PMMA presented low ALP adyvat days 7 and 14, and a small
increase at day 21. The compositions MSi3 and M&@wed significantly increased values, and
enzyme activity also increased with culture timeday 21, values were ~ 2 and 1.5 fold higher,
respectively for MSi3 and MSi4, compared to PMMAeTcomposition MSi5 presented lower
ALP activity, still an increase was noticed fronydato day 14, but afterwards values decreased.
The composites MB3 and MB4 also showed an incréasALP activity at day 14, being
significantly higher than that on PMMA, but, at da¥, ALP activity was lower. MB5 displayed
low values throughout the culture time.

ALP is an enzyme produced by osteoblastic cellsraptesents a frequently used early marker
for osteogenic differentiation, as this enzyme hadeterminant role in the mineralization of the
extracellular collagenous matrix, by providing pbleate ions that, with calcium ions are used in
the formation of the cell-mediated mineralized iixafd1]. The present results showed that the
incorporation of Si-glass and B-glass in the PMMAtrix, in some of the tested concentrations,
induced ALP activity, suggesting a positive effecthe osteoblast differentiation pathway. In the
case of the Si composites, the ALP results weragreement with those observed for cell
proliferation, i.e. the compositions with a higleedl proliferation also presented a high increase i
ALP activity. However, in the case of the B-compesj MB3 and MB4 showed low values for cell
viability/proliferation but, still, an increase iALP was noticed at day 14, suggesting that the
surviving cells were in a more differentiated stagempared to those growing over PMMA.

SEM observation of the colonized materials wadna ith the previous results, Figure 8. At
day 14, PMMA showed few cells, but the surface wadially covered by a cell layer at day 21
(Fig. 8A,B). The cements containing the Si-glassspnted a higher cell growth. At day 14, MSi3
and MSi4 (and also MSi5, at a lower extent) exkibia cell layer partially covering the surface
(Fig. 8C,E,G); cells showed an elongated morphotbgy tried to adapt to the underlying irregular
surface, establishing cell-to-cell contacts. At @y MSi3 and MSi4 were completely covered by a
thick cell layer (Fig. 8D,F), however, over MSi5lpfew cells were visible (Fig. 8H). Regarding
the composites with B-glass, at day 14, MB3 and MBdwed few cells, mainly located in small

niches/clusters scattered over the material suffice 8IK). However, at day 21, cells were rarely
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seen (Fig. 8J,L). MB5 barely supported cell growémd cells were not evident on SEM
observation (Fig. 8M,N).

MSi3

Msi4 §

Figure 8. SEM observation of PMMA and the glass-filled cemsewgblonized with human
osteoblastic bone marrow cells, at days 14 and>2&r PMMA, at day 14, cells were barely seen,
but partially covered the material surface at day/& B). On the Si-glass compositions, cells were
clearly seen at day 14 (C, E, G) and, at day 2Indition of a thick cell layer was observed over
MSi3 and MSi4 (D, F), but few cells were visible bt8i5 (H). The B-glass cements presented
significantly lower cell growth. Cells were visibkt day 14 on MB3 and BM4 (I, K), mostly
forming small cell clusters, but not over MB5 (MY); day 21, the presence of cells was not evident
on the three composites (J, L, N). Bar = 108 except for B, D, F (200m).

High amplification images, Figure 9, show thatday 14, the compositions MSi3, MSi4 and
even MSi5 presented mineralized globular deposis®@ated with the cell layer (Fig. 9A-C). At
day 21, these globular formations were more abundad organized on MSi3 and MSi4 (Fig.
9D,E), and X-Ray analysis showed well-defined Cd Bnpeaks (Fig. 9J). By contrast, MSi5, at
day 21, exhibited a low number of cells, partidiyried in a thick apatite layer that covered the
material surface. This observation is in line vttt reported in the bioactivity studies performed

in SBF (Fig.3). The compositions MB3 and MB4 welsoaable to support the formation of cell-
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mediated mineralized deposits within the small teltsgniches that were able to grow in localized
areas of the surface (Fig. 9G,H). The X-Ray ansalgé$so showed Ca and P peaks, although very
discrete when compared to those seen on MSi3 arid.MSs worth mentioning that PMMA was
not able to support matrix mineralization during ®l-day culture time. The globular structures
associated with the cell layer, seen at day 21 @)gdid not contain Ca and P peaks (Fig. 9L).

513 IS4

14 days

21 days

Figure 9: High magnification SEM images of PMMA and the gHiled cements colonized with

human osteoblastic bone marrow cells. The Si coitgsowere able to form a mineralized matrix
at day 14 (A — C) and MSi3 and MSi4 also showediaeralized cell layer at day 21 (D, E);

representative X-Ray spectrum of the globular nahstructures showed well evident Ca and P
peaks (J). The MB3 and MB4 cements showed the fitmmaf globular structures associated with
the cell clusters at day 14 (G, H) and the x-Ragcspm exhibited small Ca and P peaks (K). At
day 21, PMMA also showed cell-associated globularctures (1), but they did not contain Ca and

P peaks (L). A, C, E: Bar = 50n; B, F-I: Bar = 2Qum; D: Bar = 1Qum.

As mentioned earlier, the prepared cements pratasot@e pores scattered all over the surface,
which on SEM observation appeared with a very smaatface (Fig. 10A,D,E). SEM images of
colonized MSi3 and MSi4 strongly suggested thatlscalid not colonize these locals.
Representative images, Figure 10, shows a ringlisf growing around one of this pores and even
forming bridges (Fig. 10A,D,E). Fig. 10B,C showsnare advanced stage, with the cells in the
process of covering the pore and also some porepleted covered by a cell layer. Considering
the protocol used in the preparation of these caitg® and that mentioned in materials and
methods, the surface of these pores might be edpeStVA that, together with the very smooth

surface, probably explains the impaired cell growithin this structures.
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21d |

21d

Figure 10: SEM images of MSi3 and MSi4 cements colonized witiman osteoblastic bone
marrow cells, showing that cells hardly colonizkd pores present on the material surface. Images
show the pores with a very smoth surface (A, Damlg the cells growing around the pore (C, D),
forming bridges (A, E) and covering the pores (Ba@ows). A, D, E: Bar = 200m; B, C: Bar =

500 um.

Results showed that the incorporation of Si-glasshe PMMA structure improved cellular
behaviour regarding viability/proliferation, ALP tadty and matrix mineralization. However, this
positive effect decreased with the increase inpireentage of incorporated glass. MSi3 presented
a significant increase in these parameters, follbiwe MSi4, but MSi5 showed a modest effect.
The immersion studies in SBF showed that these ositgs released Si ions (Fig. 5), and a similar
behaviour is expected to occur in the culture madiSilicon plays an important role in bone
physiology, having a positive effect on osteoblg4®. The levels released (~5 — 10 mg/ml) are
within a wide range (between 0.1 and 100 mg/l) regabto cause a dose-dependent increase in the
proliferation and differentiation of osteoblastiglls and within the variable physiological range in
humans [43]. Also, upon immersion in SBF, formatadnan apatite layer was observed (Fig. 3),
and this might also contribute to the improved olskastic cell response. However, the formation

of this layer was faster on the cements with higilass content due to a higher dissolution rate.
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Accordingly, MSi5 developed a thick apatite layedgresented a high weight loss, suggesting a
very dynamic surface with dissolution/ depositiaers and a high ionic concentration in the cell

environment, impairing cell survival. This was eaded in SEM images, at day 21, showing

mostly a thick apatite layer with some partiallyried cells. Thus, the composites MSi3 and MSi4

probably meet a favourable combination of an apjatg apatite layer and Si release, resulting in
significantly improved cell behaviour.

On the other hand, the incorporation of B-glasthen PMMA structure resulted in composites
with a poor biological performance. Cell viabilpybliferation was lower than that on PMMA.
Some cell growth was noticed over MB3 and MB4, aglay 14, and ALP activity increased also
at day 14 (attaining higher maximum levels, comgacePMMA). SEM images showed that cells
were able to grow in small niches sparsely seethemmaterial surface. These niches, apparently,
provided a protected environment allowing for a ptate osteoblastic differentiation. The poor
performance of the B-composites is most probalbted to the less cohesive structure of borate
glass, leading to a high degradation rate, as stoywthe water uptake and weight loss studies (Fig.
6). As referred above, this originates highly dyi@mn exchange reactions, which is deleterious
for cell growth. This behaviour was more evidenthia composites with higher glass content, and,
in line with this, MB5 barely supported cell growtAlso, it provides an explanation for the
deterioration of the cell behaviour during the astek in all the B-glass compositions. The high
degradation rate also contributes to a higher sel@& B ion (Fig. 5), which is reported to be toxic
above a certain threshold value [44, 45], and,, @kthe residual cytotoxic monomer present in the
preparation.

In vivo, it is believed that the deleterious eff@fta high degradation rate might be greatly
attenuated. The continuous circulation of the bihaigls would probably prevent an excessive ion
concentration at the cell/material interface. Alapon the implantation of a material in the bone
tissue, there is a continuous availability of obtast progenitor cells that can adhere to the nadter

surface when the appropriate sets of conditionsnate

CONCLUSIONS

The results suggest that the properties of thestinated cements are more dependent on the
filler concentration than on the composition of tilass (silicate or borate glass). The addition of
higher percentages of the glass promoted a dinimgsbf the exothermal effect on curing,
reducing the peak of temperature, which is expettedontribute to the decrease of thermal
necrosis of the surrounding tissue. All cements ifremt with glass reached higher mechanical

properties than the PMMA matrix, although the nmes¢vant results were obtained for the lower
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filler concentration (30 wt%). Regarding the bigdeetbehaviour, the formation of the apatite layer
was more effective for cements with higher glasstet. The composition of the glasses was
relevant to WL and WU measurements, since the cerfdled with borate glass showed the

highest weight loss and water uptake along the Té¢s performance of the cements filled with

silicate glass was similar to the unfiled PMMA m&t except for MSi5, at 21 and 28 days, for

which the WL values were comparable to those ot#raent filled with borate glass.

The Si-glass and the B-glass cements differed figntly in the elicited osteoblastic cell
response. Incorporation of the silicate glass impdoosteoblastic cytocompatibility, whereas the
presence of the borate glass resulted in a pobresglonse. For both types of composites, the cell
response progressively deteriorates with the isereaf the glass content. The less cohesive
structure of the borate glass might be responéiblethe increased degradation rate, the high B ion
concentration in the physiological fluid and, ewedly, favouring the monomer release, all
probably contributing to a poor cell response.

Results suggest that the developed formulationgb#xhwide range of properties that might be

interesting for their use as self-curing modifiesinents.
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CHAPTER 4

INFLUENCE OF IBUPROFEN ADDITION ON THE PROPERTIES OF
A BIOACTIVE BONE CEMENT

ABSTRACT

Bioactive bone cements can promote bone growthtl@dormation of a strong chemical bond
between the implant and bone tissue increasindifdtame of the prosthesis. This study aims at
synthesizing a new bioactive bone cement with défie amounts of ibuprofen (5, 10 and 20 wt.%)
using a lower toxicity activator, and investigatitgyin vitro release profile. The effect of ibufen
(IB) on the setting parameters, residual monomer laioactivity in synthetic plasma was also
evaluated. It was verified that the different IBntents do not prevent the growth of calcium
phosphate aggregates on composite surfaces, corgitimt the cements are potentially bioactive.
A relevant advantage of these formulations was gmifstant improvement in their curing
parameters with increasing IB amount, associateal teduction of the peak temperature and an
extension of the setting time. The cements releabedt 20% of the total incorporated ibuprofen
during 30 days test. This behaviour was attributethe low solubility of this drug in aqueous
media and was also related with the hydrophobicratitar of the polymer. Regarding the
therapeutic concentration sufficient to suppredsnmmation, the cement with 10% of ibuprofen

achieved the required release rate for one weeklendement with 20% for two weeks.

This section is based on the following publication:
Lopes PP, Silva MS, Fernandes MHV. Influence ofpilofen addition on the properties of a
bioactive bone cement. Biomedical Materials, undeision.
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INTRODUCTION

Bone cements are typical bioinert materials exim@pias major limitation the lack of adhesion
to bone, which may cause aseptic loosening andréaibf the prosthesis in some cases [1, 2],
owing to the formation of fibrous tissue around teenent that impedes the bone growth towards
the surface [3]. In order to achieve better clihiessults for fixation of orthopaedic implants
bioactive PMMA bone cements have been developedisgoea direct bond with living bone [4, 5]
due to the precipitation of an apatite layer onrtiserface also found when in contact with a
physiological medium [6]. It is known and currentigcepted that this phenomenon is a reliable
indication that, in vivo, bone growth will occur @ghe surface of the implanted material [7-10].
Thus the incorporation of a bioactive componenhsaga bioactive glass, into acrylic bone cement
formulations seems to be the proper path towarelsntiprovement of the interfacial cement-bone
attachment.

Cemented orthopaedic implants are indwelling médibavices, intended for long-term
presence in bone tissue. So they are at risk efciih or inflammation if a small amount of
bacteria succeeds in colonising the foreign mdt§tiH. In addition, microcracking may lead to
PMMA-particle release, which can also induce locBhmmation and osteolysis [12].

Although it is possible to use non-steroidal anfiammatory drugs (NSAIDs) in the treatment
of inflammations, their applications are often restd owing to side effects caused on the
gastrointestinal tract resulting from the high atases [13-15]. Moreover, inflammatory conditions
in bone tissue cause a reduced supply of bloocaksadof drugs transported via blood circulation.
The potential side effects of systemic treatmert te relatively slow absorption (Bramlage and
Goldis [16] report that peak plasma concentratiohguprofen are reached within about 1 to 2
hours after ingestion) can be avoided through lcagplication, providing therapeutic drug
concentrations only to intended targeted sites.celeénis desirable to administer the drug locally
with controlled dosage level, thus reducing theunegl drug concentration and potentially
minimising its undesired secondary effects [17].

The addition of therapeutic agents to acrylic boaeents to assess its suitability as a drug
delivery system began as early as 1969 [11]. Ldelwvery of NSAIDs from PMMA acrylic bone
cement has been studied as a possible tool imghgrtent of inflammations related to periodontitis
[18]. Other studies demonstrated that bioactiveylacrbone cements loaded with anti-
inflammatory/analgesic agent could be used as tailpe formulations for minimally invasive
vertebroplasty, showing some advantages over thé/RMThe results indicated a mild

inflammatory reaction around the implanted matefidl]. In this context, it appears as quite
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pertinent and useful to investigate new cementssihaultaneously exhibit controlled drug release
and bioactive behaviour.

Ibuprofen is one of the most representative comgswf NSAIDs series. It is an analgesic,
antipyretic and anti-inflammatory drug extensivelsed to treat bone diseases like rheumatoid
arthritis, osteoarthritis and a number of othemfadiconditions [20]. It is known that ibuprofen
reduces inflammation by the inhibition of the enryrmoyclooxygenase, halting prostaglandin
synthesis and therefore diminishing the pain awellsxg associated with the inflammatory
process [21, 22]. This drug has a short half-lifeabout 2 hours, which is the period of time
required for the concentration of the drug in tleel\oto be reduced to exactly one-half of a given
concentration, and a duration of action of 4-6 Bo[23]. The therapeutic concentration of
ibuprofen in plasma is usually in the range 20 fon3g/L, and a single oral dose of 400 mg
produces a peak plasma concentration of 37 mg/L. [24

An important parameter to consider in the develagtnoé bone cement is the toxicity of the
activator. In the recent years research has concentrated weloggng an alternative to N,N-
dimethyl-4- toluidine considered a highly toxic a®i[25]. Lower toxicity activators, such as 4,4-
bis-dimethylamino benzydrol have been studiedingivise to systems with antiseptic properties
and low toxicity that allow connective tissue togrand attach to the material [26].

This study aims to prepare new formulations of-eating acrylic bone cements containing
bioactive glasses of the 3Ca@I-MgO-SiO, system and to investigate the effect of ibuprofen
proportion (5%, 10% and 20%) on its in vitro rele@sofile, setting parameters, residual monomer
content and bioactivity in simulated plasma. Anvator of reduced toxicity was chosen for the
preparation of the investigated cements. The obsemv situ release of drug suggested that the
ibuprofen-loaded cements can be appropriate totecagt the inflammatory response associated to

the cement implantation.

MATERIALSAND METHODS

Materials

Methyl metacrylate (MMA monomer), PMMA beads (pobr)y 4,4-bis (dimethylamino)-
benzydrol (activator) and Ibuprofen were purchdsaeh Aldrich. PMMA beads, with a molecular
weight of 120,000, were milled in a rotor mill (Reh ZM 200) to a mean particle size of 100 pm.
Benzoyl peroxide (BPO, Merck) initiator and activatwere used as received for the
polymerization reaction.

A glass from the 3Ca0,2s—MgO-SiQ system with the composition (mol%) 38% CaO, 12.7%
P,0Os, 24.8% MgO and 24.5% SjQvas fabricated by the traditional melt quenchingthod. The
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resultant glass frit was dry-milled (Retsch, RM1@0rtar Grinder Mill) to a powder with mean
particle size of 10um, measured with a Coulter LS Particle Size AnalyZéhe amorphous
character of the glass was confirmed by X-ray difion (XRD, Rigaku Geigerflex Dmax-C with

CuKa radiation).

Preparation of the cements

The preparation of the investigated bone cements warried out by adding the solid
components to the liquid components. The activ§do4-bis (dimethylamino) benzydrol) was
dissolved in the liquid phase and the initiatomimyl peroxide) was added to the solid phase. Both
phases were manually mixed with a glass bar urgihtixture became dough with a high viscosity.
Then the dough was placed into a poly(tetrafludrgene) (PTFE) mould and cured at room
temperature. Five formulations were prepared (Tdbley varying the composition of the solid
phase, replacing the PMMA by a bioactive glass aading different amounts of ibuprofen (5, 10
and 20 wt.%). The solid:liquid ratio employed wag5t1, with the initiator/activator in a molar
ratio of 1.3. The addition of ibuprofen was carr@d during the preparation of the cement and not
by soaking into a highly concentrated drug solutimtause the hydrophobic character of the

matrix and the low porosity of the cement could panthe proper incorporation of drug.

Table 1: Solid phase composition of the formulations prodiu@et%o)

. Solid Phase
Formulations
PMMA BG 1B
PMMA 100 - -

IBO 50 50 -
IB5 45 50 5
IB10 40 50 10
IB20 30 50 20

Liquid phase constituted by MMA monomer
The solid:liquid ratio employed was3:77

Setting parameters

Both cement components were mixed together in all SRIBFE beaker for 1 min and
approximately 6 g of the dough was then placed angpass tube in an oil bath at a temperature of
37 °C. The exothermic polymerization temperatures waeasured using a digital thermometer
inserted in the curing mass at approximately 3 momfthe bottom of the tube, and was recorded

every 10 seconds. Time was measured from the ohsdixing the powder with the liquid using a
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chronometer. Setting time{} was calculated as the time at which the temperatfi the mass
corresponded to the sum of the test temperatur@@3and the maximum temperature attained
(Thmay divided by two. All the values were the averad@wleast three replicates. This procedure

was based on earlier works [25, 27, 28].

Residual monomer content

The residual monomer content was measured by m#EfaHsNMR (proton nuclear magnetic
resonance) spectroscopy with a BRUKER AVANCE 30@c®mmeter operating at 300 MHz at
room temperature. The samples were dissolved udmgerate chloroform as solvent and
tetramethylsilane (TMS 1 vol.%) as the internalerefce. The residual monomer in the cured
cement was measured one month after the polymiemzat room temperature. The percentage of

monomer moles present in the sample (Mr) was catiedlusing the following expression:

Mr = (1.5xﬂj x100 (1)
Am

where Avand Amstand for the area of vinyl and methoxyl sighadspectively and 1.5 is a factor
relating the number of protons in the vinyl reg{omo) to those of the methoxyl group (three) [29,

30]. All the values were the average of three ospéis.

Assessment of in vitro bioactivity

The bioactivity of a material is regarded as itpatality to bond to living bone through the
precipitation of an apatite layer on its surfacd #ns in vivo apatite formation can be reproduced
in vitro through acellular tests using buffer smos [8].

In a first stage, the in vitro bioactive behaviairthe prepared bone cements was studied in
Phosphate Buffered Saline (PBS). The specimens mereted vertically and soaked in PBS at
physiological conditions of temperature 37 °C aktl 4. This solution was previously filtered
through a Milipore 0.222m system and a constant specimen surface aredut@msorsolume ratio
of 0.1 cm® was used. The materials were soaked for periods b4 and 21 days. After immersion
the specimens were removed from the fluid and sarfaodifications were followed by X-ray
diffraction (XRD) and scanning electron microscopgupled with X-ray energy dispersive
spectroscopy (SEM-EDS, Hitachi S-4100, Japan) adcaeleration voltage of 25 keV and beam
current of 1QuA. EDS analyses were performed with a magnificaibB00x on an analyzed area
of 60pum x 60um, to assess the evolution of the chemical comipaositf surface.

Then, in a second stage, the immersion tests wenglucted in the same experimental

conditions using Simulated Body Fluid (SBF) [8].€eTtements were soaked for periods of 3, 7 and
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14 days. The samples surfaces were observed by HEM-and the fluid was analyzed by

inductively coupled plasma spectroscopy (ICP, ugsidgbin—Yvon JY70 Plus spectrometer).

Invitro drug release
The drug release study was carried out in PBS daogds up to 30 days and the IB release was
followed by ultraviolet (UV) spectroscopy, usingPerkin-Elmer 554 spectrophotometer. The
samples were soaked in 10 ml of solution at pHand maintained at 37 °C. The solution was
renewed after every analysis, following a protaamjgested in the literature [17], namely every 2
hours during the first day, once a day in the fiveek and every 2 days until the end of the test.
The IB released to the buffer solution was measwed = 264 nm, and its corresponding
concentration was calculated from a previously areg calibration curve. The results were the
average of four samples for each studied formuiatio
The release mechanism of ibuprofen was further éeanin order to better understand its
liberation profile and the controlling key parameteDrug release from a polymer system,
following the Korsmeyer [31] and Peppas [32] mod=n be described by the semi-empirical
equation widely known as power law:
Mt
M

=k" (2

where M stands for the drug released at time §,iMthe quantity of drug released at infinite time,
k is the kinetic constant and n is the release mapD indicative of the drug-release mechanism.
For cylindrical specimensp< 0.45 means a Fickian diffusional release, 04® < 0.89 an

anomalous (non-Fickian) diffusion, an&n0.89 the Case Il relaxational release [20].

Statistical analysis
One-way ANOVA and multiple comparisons by the Tukal pairwise approach were

performed to determine the statistical significafe 0.05) of the differences among the groups.

RESULTSAND DISCUSSIONS

Curing Parameters

The temperature—time curves during the polymenmagind the values of curing parameters of
the formulations developed are illustrated in Feglir The results are shown as the arithmetic mean
and the standard deviation (x S@ne way ANOVA test indicated that the values oladifor the
maximum temperature L) and setting time {&) were significantly different (p < 0.05). The

addition of bioactive glass and ibuprofen to thedooement promoted significant improvements in
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the curing parameters, usually associated withedses in J.« and increases inef inducing a

slower curing process.
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Figure 1: Settingparameters for the investigated formulations.

This behaviour was expected since the presencenofrmgeneously distributed solid material
in the cement dough may absorb some of the heatlvie¢ in the exothermic reaction of
polymerization, causing a decrease in the temperatfithe cement [33]. Moreover, the PMMA
particles may contain peroxides and act as aniaddlitinitiator, affecting the reaction kineticsdan
contributing to the increase in the system visgop3t]. Thus decreasing the amount of these
particles will retard the polymerization, increagitne setting time and decreasing the maximum
curing temperature.

The values of curing parameters for different ilmlign contents fulfilled standard requirements
for acrylic bone cements, which constrain the maximtemperature to 90 °C and the maximum

setting time to 15 min (900 s), in accordance W&@ specifications [35].

Residual Monomer content

During the curing of the cement a substantial iasesin the viscosity of the mixture takes place
due to a partial dissolution of the PMMA in its noomer. The mobility of the monomer is greatly
decreased by the increase in viscosity, which aweguses the presence of 2-6% of residual
monomer in a cement matrix [36, 37]. This perceatiagy be decreased with time up to 1-2% and
then remain the same for years [38]. Haas et akured the residual MMA monomer content to be
3.3% after 1h, 2.7% after 20h and 2.4% after 21§sdander storage in an ambient air

environment, indicating that the variation was iglgle between 20h and 215 days [39].
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In the present study, the residual monomer in thredccement was measured one month after
the polymerization at room temperature. The vahresdepicted in Figure 2, being evident that the
residual monomer content lies in the range 0.975%. One way ANOVA test indicated that the
obtained values were significantly different (p.€%), except between IB5 and 1B20, and 1B10 and
IB20. Although within acceptable limits for uselame cements, showing that the polymerization
reached high conversions, the values of %Mr dematesthat the addition of ibuprofen to the
cement increased the residual monomer contentpfidsence of an insoluble phase like ibuprofen
can interfere in the polymerization reaction, thhues mobility of the monomer is greatly decreased
and the process evolves more slowly, leading tarittiease of non-reacted monomer that remains

trapped within the cement matrix.

1.51

Mr (%)

0.5-/

PMMA 1BO IBS 1B10 1B20

Figure 2: Residual monomer content for the studied cements poonth after polymerization.

I'n vitro bioactivity
The bioactivity test showed that for all ibuprofesntents the composites developed a calcium
phosphate layer on its surface after immersion PB& solution. Micrographs of the composite

surfaces are shown in Figure 3.
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Figure 3: SEM micrographs of the bone cements surface (@y&é@hmersion, (b) after 7 days and
(c) after 21 days in PBS.

It is clear that after soaking for 7 days precigisadeveloped on the composite surface, although
with undefined morphology probably due to the sraatiount, small size and low crystallinity of
the formed precipitates. The crystallinity of treydr does not seem to be altered even for the
higher immersion time, 21 days. This result wa® alenfirmed by the XRD analysis shown in
Figure 4.

The surface chemical analysis by EDS, for all cemés depicted in Figure 5. The obtained
results for 0 day of immersion (indicated as Ihitiafigure) confirmed that the relation between
elements that constitute the composites before nsioreare in agreement with the respective ratio
in the glass composition. After 7 days, the Si Bylsignal decreased and the composite surfaces
exhibit a pronounced increase in the Ca and P kigmggesting calcium phosphate deposition. The
presence of Na and Cl was also detected for thakisg time. The sodium chloride could be
incorporated into the calcium phosphate networktdudeir high concentrations in PBS. After 21
days a clear increase in Ca and P signal was fautieé surface of all composites.
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Figure 4: XRD patterns of composites after 21 days of soakirgBS

Unlike other solutions that simulate the biologidhlid, PBS does not have Ca in its
composition and the absence of this element caaydeé crystallization of the layer formed on the
surface cement. In solutions where the Ca is ptesern as SBF (Simulated Body Fluid), there is
usually a faster crystallization of calcium phodghan the soaked materials surface. The PBS
solution was chosen because it is a buffer solutgmtonic and non-toxic, which can give valuable
preliminary indications on bioactivity.

Preceding work by these authors [40] has shownRNa¥A-co-EHA composite filled with 50
wt.% of a silicate glass (the same glass usedisnvibrk) exhibited a fast formation of apatite in
SBF, indicating that the composite became potdyntisbactive and seems to be a suitable material
for bone repair.

In order to confirm the crystallization of the layformed on the surface cement a new
immersion test using SBF was conducted. SEM imagfesomposites and EDS spectra after
immersion in SBF are presented in Figure 6. In remitwith PBS, the formed precipitates
exhibited needle-like “cauliflower” morphology tygal of apatite formation [8]. The composition
of this layer was assessed by EDS. Before immersi@enpresence of all elements that constitute
the glass - Mg, Si, Ca and P - was detected (EB8tgpn not shown). After 14 days of immersion
Ca and P were mainly identified, and the other el@silike Mg, Cl and Na were residually present
on the surface. The calculated Ca/P ratios forstheeral precipitates were 1.68 for IB5, 1.70 for
IB10 and 1.65 for IB20 (Ca/P ratio for hydroxyapais 1.67)
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Figure 6: SEM micrographs of the cements surface (a) aftéy3, (b, c) after 14 days in SBF; (d)
EDS spectra.

Analysis of the fluid by ICP (Figure 7) show thhaetrelease of Ca and P occurs up to 3 days of
immersion, indicating dissolution of the glass)daled by its consumption which is associated to
the formation of a calcium phosphate layer on tivéase of the composite. The in vitro bioactivity
of the fabricated cements was thus confirmed bgdhesults. The morphology of the formed
calcium phosphates is quite equivalent probablabse the same percentage of bioactive glass

was used in all formulations.
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Figure 7: Variation in ionic concentrations of Ca and P inFSBashed lines are to guide the eye.

I buprofen Release
The release of drug from an acrylic bone cemeatasmplex process in which it is expected a
gradual liberation over time. The release curveeath ibuprofen concentration from the studied

cements is shown in Figure 8.

Drug released (wt%)

0 100 200 300 400 500 600 700 300

Time (hours)

| —+— IB5 —=—IB10 —& 1B20 |

Figure 8: Ibuprofen release curves of the studied cements.

During 30 days test the cements released aboutd#0¥e total incorporated ibuprofen. The
highest percentage of drug released from the IB200 and IB5 was 20.6%, 19.1% and 17.6%
respectively. During the first week of testing fhr@portion of drug released was not significantly
different for the various studied amounts of ibdpm The delivery profiles showed that up to 7
days (168 h) 10% of ibuprofen content was releadedf of the total amount of ibuprofen
liberated) and between 7 and 30 days (168 to 720ehjlelivery rate is much lower, i.e. only about
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10% was lost until the end of the test. Similarf@enances were reported in previous works,
where it is suggested that the release was vegmplete because most of the drug beads were
encapsulated by the hydrophobic PMMA matrix [41], 42

The study of the release mechanism of ibuprofenlveased on Equation 2. The analysis of the
release curves can indicate the mechanism of dvagation following the power-law model where
n represents the release exponent. According toe€ak Fickian diffusional (00.45) and Case Il
(n>0.89) are the limits of this process only valid $amples of cylindrical shape like tablets [20].
Other values for n, between 0.45 and 0.89, indioateFickian (anomalous) transport kinetics and
can be described as a superposition of both phememe

In the present study the drug release mechanism fitee bioactive cement follows an
anomalous behaviour during the first week, with arying from, approximately, 0.58 to 0.68
(Figure 9a). This behaviour may be due to the faat only ibuprofen particles located in the
superficial layers of the cement are accessibthdsurrounding medium, leading to a competition

between the dissolution of drug adsorbed to theen@dtsurface and the diffusion of drug close to

the surface.
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Figure 9: Release curve analysis and parameters accordipgver law (a) up to 7 days, (b)
between 7 and 30 days.

For the time interval 7-30 days (Figure 9b), thiease exponent indicates that the diffusion
becomes the predominant mechanism (n varying frioouta0.39 to 0.45). In this case the release
occurs by the usual molecular diffusion of the ddige to a chemical potential gradient. The
extremely low rate of transportation of the molesuis probably performed by bulk diffusion [11,
43].

The obtained results indicate that approximateB68F ibuprofen was retained in the cement

showing a very slow release of the drug. It isébadd that the continuation of the slow liberation
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along time is not harmful in vivo. Surface commatdone cements loaded with antibiotics like
gentamicin demonstrate similar release behaviouritto experiments have shown that most of
the antibiotics may be retained within the PMMA matsometimes as much as 90% of the initial
load [44-46] .

The drug release process may be ruled by the pdioetrof dissolution fluid into the polymer
matrix, the solubility of the drug in solution atite possible physical or chemical interactions with
the surface of the delivery device [11, 47]. Coasiny the cement after the MMA polymerization
the drug particles are not free but embedded angred by the PMMA matrix, which also
encloses the bioactive glass and the PMMA beadsalipi added forming part of it as a
homogeneous mixture. Hence the presented behas@ube related with the low solubility of
ibuprofen in agueous media and the hydrophobidithe developed formulations, which interfere
in the contact with the dissolution fluid.

It is very important to try to predict whether tlanount of ibuprofen released from the
investigated cements has the suitable effect tenpiate the required therapeutic action in a real
situation. As previously described the IB releagsmin the cements was measured by UV
spectroscopy and its corresponding concentratitouleged from the calibration curve. Based on
these results some calculations on the amountselebsed drug from the different cement
formulations were made and shown in Table 2, remtasy an exercise to predict the performance
of the developed material.

When considering the drug release during the Westk, period in which the inflammation is
more critical, the loss of 10% of drug in a voluofel0 mL corresponds to a daily liberation of
0.063, 0.126 and 0.251 mg/mL of ibuprofen from esspely, samples IB5, IB10 and I1B20. Since
the therapeutic concentration of ibuprofen in hurpksma is usually in the range 20 to 30 mg/L
or 0.02 — 0.03 mg/mL [24] it is concluded that thiedue was reached by all formulations studied.
Taking into consideration that the typical timetion of an anti-inflammatory drug during one
day, is 4 - 6 hours [23], then a minimum per day dibses (0.08 to 0.12 mg/mL) or 6 doses (0.12
to 0.18 mg/mL) would be necessary to blunt theaimfination. Regarding our results this indicates
that only IB5 would be uneffective in suppressihg inflammatory process and the IB10 and IB20
cements clearly achieved the therapeutic concamtragquired to control inflammation during the
first week. It is believed that the high concertmratreached by IB20 is not harmful since the drug
is released over time. Moreover it was reportedlitha symptom-free adult a level of 704 mg/L is
tolerated [48, 49].
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Table 2: Drug release of cements, based on UV spectrosoeagurements

Samples Drug First week (mg/mL) Next week (mg/mL)
(mg) Total Daily Total Daily
IB5 44 0.44+0.02 0.063 0.128+0.03 0.018
IB10 88 0.88+0.02 0.126 0.322+0.03 0.046
I1B20 176 1.76 £0.05 0.251 0.685+0.05 0.098

Concerning the second week the results indicatehkadelivery rate is much lower and only 4-
5% of ibuprofen is released. Thus, the compositi@®sand IB10 showed insufficient daily dose
of release for the treatment of inflammation. OIBR0 retained the drug liberation necessary to
blunt the inflammatory process. This comparativelgticlearly evidenced that the performance of
the cements with 10% and 20% of ibuprofen is gsatiesfactory for their application in the control
of inflammatory situations in bone surgery.

The extensive in vitro characterization of the deped materials here presented and the
interesting capabilities found, encouraged the stigation of additional parameters such as
mechanical and biological properties, a work tisabéing carried out in order to characterize the

overall performance of the cement.

CONCLUSIONS

Bioactive bone cements with different contents biluprofen were synthesized. The
characteristics of the curing process of the bigacbone cements were improved with the
increasing amount of ibuprofen leading to a redunctf the peak temperature and an extension of
the setting time. A slight increase in the percgataf residual monomer in the cement was verified
with the addition of drug. It was also shown tha presence of ibuprofen does not impede the in
vitro bioactivity of the drug-containing compositéghe growth of spherical calcium phosphate
aggregates was observed on all composite surfaces.

The composites loose about 20% of the total inaeed ibuprofen during 30 days test.
Release of drug is controlled by two different matkms: for the initial times the drug liberation
is predominantly a surface phenomenon and fordhgdr times the ibuprofen release process is
mainly controlled by diffusion. The cement formidat IB5 showed insufficient daily dose, i.e.
lower than the required therapeutic concentratibme 1B10 and I1B20 cements achieved the
therapeutic effect sufficient for the treatment ioflammation for one week and two weeks,
respectively. The results evidenced that the pewoce of the cements with 10% and 20% of

ibuprofen is quite appropriate to blunt the inflaatory process associated to orthopedic surgery.

110



Thus, the developed cements appear as interesliaghaives to traditional bone cements,

allowing the surgeon to choose the most suitabyl@ditation for each specific situation and patient.
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CHAPTERS

ACRYLIC FORMULATIONS CONTAINING BIOACTIVE AND BIODEGRADABLE FILLERS TO BE USED
ASBONE CEMENTS. PROPERTIESAND BIOCOMPATIBILITY ASSESSMENT

ABSTRACT

The solid phase of bioactive self-curing acrylienemts was modified by different biodegradable
fillers such as poly(3-hydroxybutyrate) (PHB) arnsl ¢opolymer with hydroxyvalerate (PHBV).
The addition of the biodegradable fillers madedbment partially degradable, which is important
to allow new bone replacement and ingrowth. Therntlé analysis, crystallinity, curing
parameters, mechanical properties, degradation catidlar tests were studied in order to
characterize the cement performance. Within thigeod it was verified that the incorporation of
the PHBV polymer made the cement more resistaaghiag values in the range reported for
typical PMMA bone cements. The results also shotketl the cement filled with PHBV took up
more water than the cement with PHB after 60 daysall studied formulations. Regarding the
biocompatibility assessment, the inclusion of thBN greatly improved the biological response
in both cements filled with the silicate or the &ier glass, compared to the inclusion of the PHB.
The importance of this approach resides on the cwtibn of the properties of the cements
components and the possibility of allowing boneeregation, improving the interfaces with both
the prosthesis and the bone, and leading to a ialabdgth suitable performance for application as

bone cement.

This chapter is based on the following publication:

Lopes PP, Garcia MP, Fernandes MH, Fernandes MHWIi& formulations containing bioactive
and biodegradable fillers to be used as bone csmgrperties and biocompatibility assessment.
Biomedical Materials, submitted.
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INTRODUCTION

The basic component of the acrylic bone cementathyh methacrylate (MMA) which can
polymerize to form poly(methyl methacrylate) (PMMAD]. Thus the cement itself is a typical
bioinert material, that is, it does not resorb Bova bone replacement, being encapsulated by
fibrous tissue [2]. The formation of fibrous tisscan be caused by the toxicity of the released
monomer and the heat production due to polymedrabeing a significant factor in the instability
and movement at the bone-cement-prosthesis inesrfe@nsidered the weak-link-zones [3]. These
micromovements can accelerate aseptic looseninggirga a failure in the cemented total hip
arthroplasties [4].

In this context, the development of new formulasiaxamely bioactive bone cements is highly
desirable, since they can promote bone growth &edférmation of a strong chemical bond
between the implant and bone tissue [5, 6]. Therparation of a bioactive component in acrylic
bone cement formulations seems to be the main rautmprove the interfacial strength of cement
to the bone [7]. However, in most cases a signifigeart of the bioactive patrticles is covered with
PMMA matrix and the contact with physiological didm is absent. Only the particles at the
cement surface are accessible and react with theusuling fluid, thus restricting the formation of
calcium phosphate at the surface [8].

Certainly a much stronger interaction should baiéd if the bone was induced to grow also
inside the cement. An interesting approach woultblmmbine bioactive and biodegradable fillers
within the solid component of the bone cement fdatmons, which could simultaneously facilitate
bone replacement, ingrowth and bonding. It is beliethat bone could grow around, as well as
into, the cement in the space left by the degradaterial resulting in stronger fixation of the
prosthesis within the bone cavity [9].

Regarding this new class of bioactive bone cemeaustaining degradable polymeric
constituents, examples in the literature are nathtiscarce. They include cements based on corn
starch/cellulose acetate blends (SCA) filled wiyldioxyapatite (HA) [10] or Bioglass [8], cements
composed of chitosan and natural bone powder (Htailobd from trabecular bone blocks of
porcine spines) [11] or cements containing micreses of chitosaf/TCP [12].

Polyhydroxyalkanoates (PHAS) are natural polymemipced by many bacteria as a mean to
store carbon and energy. They are known as biodafgla materials and exhibit a range of
properties that may permit their use as biomatefik8]. The most studied member of this family is
poly(3-hydroxybutyrate) (PHB) which was discoveiadl920. PHB is relatively brittle and stiff,
however its copolymer with hydroxyvalerate (PHBWhibits a less stiff behaviour and is tougher

[14, 15]. These polymers slowly degrade in vivo the enzymes present in blood, through
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hydrolysis, and their degradation products arerangon metabolite in human body, hence they are
not toxic to the cells [13]. Another interestingoperty is its piezoelectricity which makes these
polymers potential candidates for orthopedic apgilims, since electrical stimulation is known to

promote bone growth and healing [15].

In the study presented herein, a new acrylic b@ment combining a biodegradable polymer
(PHB or PHBV) and a bioactive glass filler (siliedtased glass or borate-based glass) is proposed.
Experiments to measure mechanical properties, gysarameters and residual monomer were
carried out as well as degradation and cytocomifigitistudies. These results suggested that the
new formulations may contribute to overcome somehef known drawbacks of acrylic bone
cements which ultimately contributes to lower timeidence of implant aseptic loosening in

cemented total joint replacements.
MATERIALSAND METHODS

Materials

Methyl metacrylate (MMA monomer), PMMA beads (pokr)) 4,4-bis(dimethylamino)
benzydrol (activator), poly(3-hydroxybutyrate) (PHBand poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV, PHV content 12 wt%) wereguaiced from Aldrich. PMMA beads, with a
molecular weight of 120,000, were milled in a rotaiil (Retsch ZM 200) to a mean particle size
of 100 um. PHB (particle size of less than 50 pung BHBV, with the chemical structure depicted

in Figure 1, are commonly produced via a controlegdhentation process using microorganisms.

O CHy| lo ocHs| [0 (“
0 0 0
n X y
PHB PHBY

Figure 1: Chemical structure of used biodegradable polymers.

Commercial pellets of PHBV were frozen with liquadr and later milled in a rotor mill
equipped with stainless steel knives to a powddén wiean particle size of about 200 um. PHB,
Benzoyl peroxide (BPO, Merck) initiator and activatwere used as received for the
polymerization reaction. Two different glass composs were used in this work. A silicate glass
composed of (mol%) 24.5% Si@B8% CaO, 12.7% s, 24.8% MgO and a borate glass, which

consists of a similar composition where Sias entirely replaced by,Bs;. The glasses were
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prepared through the classic melt-quenching metblbalving a procedure described in Lopes PP
[16, 17].

Cements preparation

New formulations of bone cements were prepared fi@ulid and a liquid phase by free radical
polymerization. The solid phase was constituted doymmercial PMMA, bioactive glass,
biodegradable polymer and BPO. The activator oficed toxicity was dissolved in the MMA
monomer, resulting in the liquid phase.

All formulations contained a fixed percentage ofwko of glass, referring to the weight of the
solid component. Two bioactive glass compositiomsemused, a silicate glass and borate glass.
The preparation of specimens for subsequent testcarried out following the traditional method.
Both phases were manually mixed with a glass béit the mixture became dough with a high
viscosity. Then the dough was placed into a pdisgtioroethylene) (PTFE) mould and cured at
room temperature. After 60 min, the samples wemoked from the mould. The formulations
were prepared by varying the composition of thédsphase, replacing 10 and 20 wt.% of the
PMMA by the biodegradable polymer (PHB or PHBV). eTlompositions of all cements
developed are presented in Table 1. The soliddiguitio employed was 1.75:1, with the

initiator/activator in a molar ratio of 2.6.

Table 1. Chemical composition of all cements developed (Wt%

Solid Phase Liquid Phase
Samples PMMA Bioactive Glass Blolggl?/rrﬁg?ble MMA
GSi GB PHB PHBV

PMMA 63.6 36.4
PHB10Si 32.2 25 6.4 36.4
PHB20Si 25.9 25 12.7 36.4
PHB10B 32.2 25 6.4 36.4
PHB20B 25.9 25 12.7 36.4
PHBV10Si 32.2 25 6.4 36.4
PHBV20Si 25.9 25 12.7 36.4
PHBV10B 32.2 25 6.4 36.4
PHBV20B 25.9 25 12.7 36.4
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Thermal behaviour and crystallization

To observe the effect of biodegradable polymer riporation on the thermal properties of the
cements, differential scanning calorimetry (DSCpexments were performed (Shimadzu DSC-
50). The experiments were carried out at a heattegof 10 °C/min from room temperature up to
200 °C under constant nitrogen flow. After that shene samples were cooled to room temperature
at 10 °C/min). The glass transition temperature) (Mgs taken as the midpoint of the first
endothermic depression in the DSC plot. The vamatn the degree of crystallinity (Xc) of the
cements as a function of biodegradable polymerthei content in the composite was estimated

using the transition enthalpies obtained from ti&CDhermograms according to the equation:

= A 100 @)
W

Xc

0
m

whereAH,, andAHC,, are, respectively, the enthalpy of melting of saenple and the enthalpy of
melting of fully crystalline PHB (146 J/g) or PHB{09 J/g) andv is the weight fraction of the
biodegradable polymer [18, 19H,, is calculated by integrating the peak correspandinthe
given transition.

X-ray diffraction (XRD) was also performed (Rigaldeigerflex Dmax-C X-ray difractometer
equipped with a Cu monochromatic radiation source) revealing infoioratabout the crystal

structure of the cements.

Setting parameters

The temperature changes, which occurred at thege#iaction, were measured in a cylindrical
mould at room temperature. Materials under testrage mixed in a small PTFE beaker for 1 min.
The exothermic polymerization temperature was nrealsusing a digital thermometer inserted in
the curing mass at approximately 3 mm from thedootof the tube, and was recorded every 10
seconds. Time was measured with a chronometer thenonset of mixing the powder with the
liquid. Setting time ) was calculated as the time at which the temperatf the mass
corresponded to the sum of the ambient temperéliyrg) and the maximum temperature, )
divided by two.

Tmax + Tamb J (2)

The measurements were done in duplicate, recottimgemperature—time profiles during the

polymerization.
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Residual monomer

Nuclear magnetic resonance (NMR) spectroscopy sad to quantify the residual monomer
content. Three samples of each type were dissalggny deuterate chloroform as solvent and
tetramethylsilane (TMS 1 vol.%) as the internakrehce and the H NMR spectrum recorded on a
300 Bruker Avance Spectrometer operating at 30 MHroom temperature. The percentage of
monomer moles present in the cured cement samplr)%as calculated using the following

expression:

Mr = (1.5xﬂj x100 (3)
Am

where Avand Amstand for the area of vinyl and methoxyl sighadspectively and 1.5 is a factor

relating the number of protons in the methoxyl grétiree) to those of the vinyl region (two) [20].

Mechanical behaviour

The mechanical behaviour of the cured materials @xsduated under three-point bending.
Samples were prepared in the same way to nullifyiaftuence of the preparation technique upon
the mechanical properties. The bending tests wemgied out at room temperature on a
Bose/Electro Force 3400 testing machine. Six sasnpée composition were tested at a crosshead
speed of 1 mm/min. The bending strength) (and modulus (§) were calculated using the
standard formulae [21]. ThegElata were extracted from the initial linear pantiof the load -
displacement curve.

_ 3xFxL

SXEXL 4
2xbxh? “)

Og

L3xAF
B = (5)

" axbxh®xny
where F is the highest load of the load-displacdroarve,L is the distance between end supports,
b is the width h is the height of the specimetk- andAy are the gradient of load and displacement,
respectively, of the initial straight-line portiofithe curve.

The obtained values were compared with the ondsdtetl by 1ISO 5833 standard (strength
50MPa and modulus 1.8 GPa) [22].

Water uptake, weight loss and surface evaluation

These parameters of the self-curing materials vesaduated under simulated physiological
conditions. The specimens were soaked in PhospBaffered Saline (PBS) at pH 7.4 and
maintained at the temperature of 37 °C. A constpatimen surface area to solution volume ratio

of 0.1 cm?! was used. At appropriate times, 3, 7, 14, 21,860 days, the samples were blotted
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on filter paper to remove surface solution/water] anmediately weighed. Water uptake (WU)

and weight loss (WL) were calculated using theofwihg equations:

m, —m,
m

o

wo =Moo e

(mft_moj
WL=| —L 2 1x100 (7)

o
where mstands for the mass of the sample “wet” after @mivnmersion time t (days),;mis the
final mass after drying the sample in the ovenluwahstant weight after t days of immersion in
PBS and mis the mass prior to immersion [10].

The surface of all the investigated cements waduated by SEM-EDS before and after
degradation test at 28 days of immersion in PBS $amples were carbon-sputtered before

observation under a scanning electron microscofiadil S4100 model).

Statigtical analysis
One-way ANOVA and multiple comparisons by the Tukal pairwise approach were
performed to determine the statistical significaeec 0.05) of the differences among the groups.

The comparisons were made among groups with the bardegradable polymer and glass filler.

Osteablastic cytocompatibility

Human bone marrow cell cultures

Cytocompatibility studies were performed with hun@steoblastic cell cultures. Human bone
marrow, obtained from orthopaedic surgery procesjuedter patient informed consent, was
cultured ina-Minimal Essential Mediumo -MEM) containing 10% fetal bovine serum, p@/ml
ascorbic acid, 100 1U/ml penicillin, 2 ig/ml streptomycin and 2,&g/ml fungizone, at 37 °C in a
humidified atmosphere of 5% G@ air. Primary cultures were maintained until neanfluence
(10-15 days) and, at this stage, adherent cell®e vesrzymatically released (trypsin—-EDTA
solution). First-passage cells were seeded at*edllicnt over the surface of the cements. Seeded
cements were cultured for 21 days in the preseric&0oug/ml ascorbic acid, 10 mM-
glycerophosphate and 10 nM dexamethasone. Colonimaterial samples were evaluated
throughout the incubation time for cell viabilityghiferation, alkaline phosphatase (ALP) activity
and were observed by confocal laser scanning ntopys (CLSM) and scanning electron

microscopy (SEM).
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Cell viability/proliferation

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphengttazolium bromide) assay was used to
assess the cell viability/proliferation. At days74,14 and 21, colonized materials were incubated
with MTT, during the last 4 hours of the culturendéi tested. The samples were placed in a new
plate, the formazan salts were dissolved with daylsulphoxide and the absorbance was
measured at 492 nm in a ELISA reader (Synergy HateR). Three replicates were set up at each

condition. Results were compared in terms of maxis surface area and expressed asAcm

Alkaline phosphatase activity

At days 14 and 21,the colonized materials wergdtewith 0.1% triton in water (to lyse the cell
layer) and the cell lysates were evaluated for Addivity and total protein content. ALP was
assayed by the hydrolysis of p-nitrophenyl phospiatlkaline buffer solution, pH 10.3, 30 min at
37 °C, and colorimetric determination of the prddpenitrophenol) at=405 nm. Enzyme activity
was normalized to total protein content (determibgd.owry method). Results are expressed in

nanomoles of p-nitrophenol produced per minygeof protein (nmol.miti/ug protein).

CLSM and SEM observation

For CLSM, at days 4 and 14, colonized materialsaviimed (4% formaldehyde, methanol free,
15 min), permeabilized in 0.1% Triton (5 min, RT)daincubated in 10 mg/ml bovine serum
albumin with 100 pg/ml RNAse (1 h, RT). F-actinafents were stained using Alexa-Fluor-
conjugated phalloidin (1:100, 1 h, RT) and nucleirevcounterstained with 10 pg/mL propidium
iodide (10 min, RT). Fluorescent stained cultureserexamined by CLSM (Leica TCP SP2 AOBS
confocal microscope).

SEM was performed at days 7 and 21. Material sasnpiere fixed (1.5% glutaraldehyde in
0.14M sodium cacodylate buffer, pH 7.3, 10 min)hyt&ated in graded alcohols, critical-point
dried, sputter-coated with gold and analysed iE@LIJSM 6301F scanning electron microscope
equipped with a X-ray energy dispersive spectrogd®DS) microanalysis capability (voyager

XRMA System, Noran Instruments).

Satistical analysis

Data presented in the cytocompatibility studiesenantained from three separate experiments
using cell cultures from different donors. Analysese performed with three replicates. Groups of
data were evaluated using two-way analysis of magg ANOVA). Statistical differences between
control PMMA and the prepared cements were detexthby Bonferroni's method. Values of p<

0.05 were considered significant.
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RESUL TS AND DISCUSSION

Thermal behaviour and crystallization

The developed cements were characterized in tefth®onal behaviour and crystallinity. DSC
curves are shown in Figure 2.
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Figure 2. DSC thermograms of pure biodegradable polymers RiHB PHBV and studied
cements.

A transition (first inflection point) was observed all thermograms of the cements. This
inflection was attributed to the glass transitiemperature (Tg) of the amorphous PMMA matrix,
as seen in the PMMA thermograms, which is around 86 (midpoint). The Tg is a physical
parameter associated with the internal structwwairangements produced by the softening of the
material by heating, and represents a transitiomfa hard and rigid glassy state with a high
modulus to a soft rubbery state with a low modJ28§. The PMMA beads (polymer) used in the
cement preparation have a Tg of the 105 °C (vahtaimed from Aldrich and confirmed by DSC).
The lower Tg value for the PMMA matrix can be difiied to the lower molecular weight of the
chains resulting from the MMA polymerization, artetpresence of the residual monomer. The
monomer probably acts as a plasticizer which irsgeathe matrix flexibility and therefore
produces a decrease in Tg [24]. The glass tranditimperatures of acrylic bone cements can vary
in the range 80 °C - 100 °C [25]. For the developeaients, there was a slight variation of Tg.

Filling the cements with PHB, which is a semicrilsta polymer, produces the appearance of
endothermic peaks, corresponding to melting tentpera (Tm). It is observed that the Tm of
PHB in cements slightly decreased (up to ~7 °C)nmbtempared with the Tm of pure polymer
(170.5 °C). This reflects the interaction of PMMAtwthe crystalline PHB, which leads to the Tm

depression [26]. This behaviour may be explainethbylow particle size and high surface area of
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the PHB that can promote the incorporation of @&érgamount of monomer. Thus it is believed
that the presence of MMA can decrease the cohdsstween the chains in the PHB crystals
causing a reduction of the Tm.

For pure PHBYV two melting temperatures are found laoth are lower than that of PHB. The
lower values may be related to a slight reductioorystal size and lower degree of crystallinity of
this polymer. For the melting of PHBV the main peeks detected around 155 °C and the second
at approximately 143 °C. The latter is usually dmemelting of crystals with different lamellar
thickness and/or crystallization that occurs dutimg heating in the DSC [27]. For cements filled
with PHBV the melting peaks became narrower andigh#y shifted to higher temperatures,
although the main peak was not considerably differe

DSC curves, obtained during the cooling stage (dadd shown) indicated that the
crystallization temperature was also lower for PHEW9 °C) than that determined for PHB (120
°C). The crystallinity of PHB and PHBV phase canchtulated, according to the heat of fusion
obtained from the interior areas of the meltingkgelbeing illustrated in Figure 3. The degree of
crystallinity of the pure PHB is higher than thtRHBYV, due to the most irregular and random
repeat unit arrangements in the copolymer whichlte# reduced ability of crystallization.

The results also showed that the crystallinity BHs much larger in pure polymer than in the
cement, while for the PHBV the crystallinity seentecbe unchanged by the presence of PMMA.
As mentioned before, this behaviour can be assatiaith the lower average particles size of
PHB, around 50um, compared to the PHBV, 20@6m. A higher surface area as in PHB is

responsible for a higher reaction between MMA moepand PHB.
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Figure 3: Variation in the degree of crystallinity of the PtdBd PHBYV in the cements.

Figure 4 shows the obtained XRD spectra for PHBBYHwnd developed cements. It can be
seen that both PHB and PHBV are semicrystallingrpets, and exhibit peaks at almost the same
locations, indicating that addition of PHV to PHBes not modify the crystal structure of PHB.
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The main diffraction peaks appear aroun@l =2 13.6°, 17.0°, 22.4° 25.6° and 30.7°, which
correspond to (020), (110), (111), (121), and (@@23tallographic planes, respectively [28].
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Figure 4: XRD patterns of (a) PHB and PHBV, (b) PHB20B andBRM20Si.

It is known that, in the crystalline state, PHB pidoa regular helical conformation with space
group P22,2,. The unit cell is orthorhombic with dimensions &.%6 A,b = 13.20 Aand ¢ = 5.96
A [29]. The PHBV polymers display the phenomenon safdimorphism, i.e. Hydroxybutyrate
(HB) and hydroxyvalerate (HV) units of the copolynagee incorporated in the same crystal lattice,
given that the structures of both units and thestatystructures of the PHB and PHV are quite
similar. Therefore, PHBV copolymers with less th&h mol% HV units crystallize in the PHB
crystalline lattice [19].

The XRD patterns for the developed cements (Fige dlso exhibit diffraction peaks,
characteristic of the biodegradable polymers. Titeoduction of crystalline polymers, such as
PHB and PHBV, in the acrylic cement (an amorpharigrper where glassy particles are already
embedded) gives rise to crystalline regions (sphies) dispersed in an amorphous material. X-ray
diffraction has additionally shown that the difftan peaks of PHB were slightly shifted to higher

20 angles indicating a slight change in the lattiaeameters of the polymer which can be related
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with the presence of MMA. It was also revealed erelase in the intensity of these peaks, when
compared with PHBV20Si, due to the reduction indhestallinity of PHB.

Setting Parameters and Residual Monomer
The exothermic character of the polymerization tieac was evaluated by the setting
parameters. Figure 5 shows the curing curve foh edche developed cements, as well as for

PMMA reference, whereas Table 2 presents the véduebe studied parameters.
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Figure5: Curing curves of the developed cements filled ethPHB and (b) PHBV.

In terms of the maximum reached temperature, Figuotearly shows that, when compared
with the formulation based on PMMA, the additionabiodegradable polymer and a bioactive
glass, significantly decreases this parameter (%0.In fact for the cements modified with
biodegradable and bioactive filler the peak of terafure achieved was less than 90 °C, which is
the highest value accepted by the ISO 5833 starfdaracrylic resin cements [22]. These results
are indeed beneficial, since they indicate thahwie developed cements the necrosis in the tissue
surrounding the implant might be considerably mined. The concentration of biodegradable
filler did not promote greater changes in the pé¢aperature, except for PHBV10Si and
PHBV20Si for which compared group means showedifssgnt differences. In general and
considering the different used biodegradable §lI&HBYV cements demonstrated less intense peak
temperatures than the PHB cements and PMMA matrix.

The setting time values were significantly diffaréor cements with several concentrations of
biodegradable polymer, except between PHB10B an@2PB. The cement filled with PHB and
silicate glass reached a;higher than the cement filled with PHBV and theneaglass. For the
cement with borate glass the change of biodegradadiymer was not significant. The developed

cements showed a large increase of the settingwiheh can be due to higher concentration of
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fillers and the reduced amount of activator, promgda longer time for the preparation and
application of the bone cement during surgical pdoce. When the PMMA beads are substituted
by filler the polymerization can be retarded, iraieag the setting time [30]. Additionally, the
formation of radicals is dependent on the conce&otra of activator and initiator. Faster radical
formation activates more monomers that act as atiole sites for polymer chain growth [31].
Regarding the kinetics, decreasing the amount tveador decreases the rate of polymerization
and, consequently, extends the setting processréthetion of the maximum temperature is also
expected since the heat of polymerization is rel@dgr an extended time [32, 33]. In literaturisit
reported that changing the initiator/activator agtroduces minor effects or conflicting results in
polymerization temperature [31, 34]. In this wohle treduction of activator seems to affect mainly
the setting time.

The percentage of residual monomer in the diffefentulations (Mr%) is summarized in
Table 2. Comparing with the PMMA matrix, the addlitiof either PHB or PHBV produces an

increase of the residual monomer present.

Table 2: Values of setting parameters avid for the investigated cements

Samples Tmax(°C) tset (MIN) Mr (%)
PMMA 97.3+3 5:30+0.18 4.10
PHB10SI 734+2 10:05 +0.15 4.74
PHB20SI 716+1 9:05+0.18 4.75
PHB10B 74.0+2 11:50 £ 0.18 5.40
PHB20B 75.3+2 12:15+0.14 5.59
PHBV10Si 751 =1 9:25+0.18 4.54
PHBV20Si 68.2 +2 8:15 +0.18 4.30
PHBV10B 703 =1 11:45 +0.21 4.14
PHBV20B 733 2 12:40 +0.18 4.39

The cements filled with PHB led to larger amourftsesidual monomer, that slightly increase
with the increasing concentration of this biodegtald polymer. The cements filled with PHBV
showed smaller values but still higher than for BMMA matrix. The filler can act as an array of
barriers, thus the overall probability of a monomwelecule to react with an initiator radical or a
growing radical chain is decreased, resulting ihigher concentration of unreacted monomer.
Another probable reason to justify this dissimitehaviour can be the lower particle size of the

PHB polymer. The superior surface area of therfithley immobilize more monomer on its surface

127



and therefore increase the non-reacted monomereimatins trapped in the cement matrix [30, 35].
These values were in the range reported in thatiee [36, 37].

Mechanical Properties

The evaluation of mechanical properties is esdetgialetermine the viability of self-curing
acrylic formulations as potential systems for |dsding applications. The bending test is a
characterization technique to assess new cemegitgy b requirement of the standard, because in
vivo loading invariably involves a combination dfesr, tension, and compression forces [22, 38].

The representative nominal load — displacement ibgndurves for the studied cements are
illustrated in Figure 6.
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Figure 6: Load-displacement curves for the cements (a) PHBH)OPHB20, (c) PHBV10 and (d)
PHBV20.

It is clear that the partial substitution of the MM beads by biodegradable particles retained
the stiff and brittle behaviour of the material.natable effect was verified when comparing the

mechanical properties of the PHB-filled cementshwifiose of the corresponding cement filled
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with PHBV. Overall, the cement containing PHBV asilicate glass becomes more resistant since
a greater load may be sustained by the specimesn.sifbngth at maximum load and the elastic
modulus for each composition are depicted in Figure

One way ANOVA analysis indicated that the valuetamied for the bending strength of the
various cements were significantly different (p ©€3). To explore the differences among the
means, Tukey's multiple comparisons were perform@dnsidering the effect of addition of
different biodegradable polymers, PHB and PHBV,i(t@aning the same concentration and glass
filler) all group differences were significant. Hewer taking into account the concentration of
biodegradable filler, 10 wt% and 20 wt%, (keepihg same polymer and glass filler) the result
showed that there was no statistical differencegpixbetween PHB10Si and PHB20Si. The elastic
modulus was considered similar, it did not diffégnicantly, except between PHB10Si and
PHBV10Si. In addition, the results also showedighslincrease in the bending strength for the
cement filled with silicate glass and, considetting elastic modulus, the performance was slightly
superior for the cement with borate glass. Nevégtise as mentioned above, the statistical analysis

resulted in not significant differences (p > 0.05).
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Figure 7: Bending properties of all the prepared formulations

The observed behaviour seemed quite interestingticpi@arly in which concerns the
pronounced effect of the different biodegradablbypers, rather than their concentration, in the
mechanical properties of the modified cementsetms of the influence of addition of PHB and
PHBYV, the incorporation of PHBV led to better berglistrength but similar elastic modulus, all
higher than 2.5 GPa.

It is known that PHB is a semicrystalline polymeithahigher degree of cystallinity, being a

relatively brittle and stiff material [39]. The n for the brittleness is mainly attributed to the
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presence of large crystals in the form of spherslitthe PHB is usually crystallized by slow
cooling from the melt, forming thin lamellar crylstawhich are organized in large banded
spherulites [40]. The large-size spherulites armbis#ary crystallization promote interspherulitic
cracking during storage of the polymer at room terajure, which is commonly known to impair
the mechanical properties of the materials [41, 82| the bending strength of the cement is lower
when PHB is incorporated, a behaviour that cansBe@ated to the high viscosity of these samples
during preparation which induces an inhomogeneasisiltlition and agglomeration of particles.
These aggregates behave like preferential sitegr@ds concentration in the bone cement, thereby
weakening it. In the present case we believe tgadt from the referred factors, the alteration
verified in the thermal analysis of PHB, can alsintdbute negatively for the mechanical
performance of the cements.

The random copolymer (PHBV) shows increased fléighisince it generally produces a
greater disorder within the crystalline region dadghe ethyl side groups, thus the crystallinity is
decreased, and the mechanical properties can keaged [43]. The reduced crystal growth of the
PHBV can also be advantageous for the mechaniagbepties because smaller crystals are
produced, which are more flexible than large cigsthat are prone to brittle failure at the grain
boundaries. The results evidence the high perfocmanthe cements filled with PHBV, exhibiting

mechanical properties that lie within the requiradge for bone cements use.

Degradation and surface analysis

Figure 8 shows the evolution of the water uptaké&Jj\&nd the loss of weight (WL) with time.
The uppermost values of WU were obtained after &@& af immersion in PBS. The WU values
are influenced by the composition of the glass.

The cements filled with borate glass expressedjlaghivalue of WU than the control (PMMA),
while for the cements filled with silicate glas®tWU data were lower/similar up to 28 days, but
increasing for 60 days of immersion. The results Hoth types of cements indicated that the
compositions containing 20% of biodegradable polyohemonstrated a superior WU capability
compared to the one formulated with 10% of polyrdaring the same period. Regarding the
different biodegradable fillers, the cement filleith PHBYV took up more water than the PHB
cement after 60 days, for all studied formulations.

The WL was also higher for the cement with 20% bigrddable polymer and borate glass,
being that the PHBV20B showed the highest weighs.l®verall the weight loss of the cements
reached a maximum value at 21 days of immersiotepfor the PHB20B whose maximum WL
was achieved at 7 days, and then decreased, imgjicthiat the material should be affected by

another process besides the degradation duringrisione An explanation for the reduction in WL
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values can be related with the possibility of pp&ation of a calcium phosphate layer on the
material surface, that becomes evident after 21s daymersion [44]. The pH did not show
substantial changes until the end of the test,ingnigom 7.4 to 7.7.
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Figure 8: Evolution of water uptake (WU) and loss of weightL() for the cement filled with PHB
(a, ¢) and cement filled with PHBV (b, d).

To verify the leaching process from the cementsndusoaking in PBS, scanning electron
microscopy (SEM) micrographs were taken from allestigated formulations before and after
PBS immersion for 28 days (at different magnifica). The surface of the cements, modified
with PHB and PHBV, can be seen in Figure 9.

The micrographs revealed a quite similar behavfourboth cement fillers PHB and PHBYV.
Before immersion all the cements exhibited a PMMAtmm surrounded by the fillers (polymer
and glass) and few pores. After 28 days in PBQrthterials showed increasing porosity pattern,
i.e. new cavities were formed at their surfaces.MdB10Si and PHBV10Si these cavities are less
evident, a result that is consistent with the déagtian test where the same cements revealed a less
weight loss. Concerning the cements filled with biogate glass it seems obvious that the porosity

substantially increased, thus contributing forghkr loss of weight of these cements.
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Figure 9: SEM micrographs of cements before and after 28 adysnmersion in PBS (a)
PHB10Si, (b) PHB20SIi, (c) PHB10B and (d) PHB20B) RHBV10Si, (f) PHBV20Si, (g)
PHBV10B and (h) PHBV20B.

In all cements, after 28 days in PBS, it was altected the presence of another phase covering
a large surface of the samples. The precipitateseldped on the cement surface, showed a
spherical morphology, small size and low crystdifinn higher magnification. It is known that

PBS does not contain calcium in its composition #rel absence of this element can delay the
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crystallization of the formed precipitates [45].€Be new layers were analyzed by EDS (data not
shown). In terms of its composition, at least gasirely, they were all similar. In all cements the
developed precipitates were composed only by CaPanwiith residual amounts of Si (present in
the silicate glass under the layer), Na and Cldpitated from the solution).

The presence of different biodegradable polymeesisenot to influence the surface changes of
the cements, at least for the investigated immersime. The PHB and PHBV are known to
degrade very slowly in an aqueous medium becausehaf degree of crystallinity and
hydrophobic structure, and thus the superficial raggtion of the cement could be mainly
attributed to the dissolution of the bioactive glaghich gave rise to the observed porosity and

contributed to the formation of the calcium phogpHayers.

Osteablastic cytocompatibility

Figure 10A shows the cell viability/proliferatioM{TT assay) of PHB and PHBV cements
seeded with human bone marrow cells, and cultureccanditions that favour osteoblastic
differentiation [46]. At day 4, osteoblastic cefieesented similar values on PMMA (control) and
on the prepared cements. Cell growth increased auliure time in all materials, except in those
filled with the borate glass and containing theypwr PHB. However, the various formulations
presented significant differences regarding thegrelwth rate and pattern.

PMMA showed a low growth rate during the cultureei The best performance was observed
with the cements filled with silicate glass and teamng the polymer PHBV. The highest values
were achieved with the cements PHBV10Si and PHBY2@8owed by the cements PHB10Si
and PHB20Si. Regarding the cements filled with t®ogass, the samples containing the polymer
PHBV (PHBV10B and PHBV20B) presented relativelytiell growth, although lower than that
observed with the cements filled with the silicafess. The cements with the polymer PHB
(PHB10B and PHB20B) exhibited the poorest cell oase. Cell growth over PHB10B increased
until days 7 — 14 and decreased in the last wagkcdll behaviour was worse over PHB20B, with

an impaired cell proliferation from day 7 onwards.
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Figure 10: Cell viability/proliferation (a) and ALP activityb) of human bone marrow osteoblastic
cells seeded over the cements for 21 days. *Sagmifly different from PMMA.

A similar pattern was observed for ALP activity, amared at days 14 and 21, Figure 10B.
PMMA presented low values and, except for PHB10B BRB20B, enzyme activity increased
from days 14 to 21, suggesting an osteoblastiemifftiation pathway [47]. Also, the highest
values were observed for the silicate cements anthiming the polymer PHBV.

CLSM observation of colonized materials, at daymd 14, were in agreement with the results
observed in the MTT assay, Figure 11. At day 4saeere well attached and spread, displaying a
flat configuration and a typical morphology (cehspherical body with the cytoplasm extending
away from the central area in all directions anHesithg to the material surface), and cell-to-cell
contact through cytoplasmic extensions. The cem&mbsved a similar appearance, but a higher
cell number appears to be observed in the cemeBWVRBISI. At day 14, the cements containing
the silicate glass and the PHBV polymer presenked most abundant cell layer, whereas the
cements with the borate glass and the PHB polyisetayed the poor performance.
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Figure 11: Representative CLSM images of human bone marrogobkistic cells seeded over the
cements for 4 and 14 days; bar = 400.

SEM observation of the material samples also cowfit this behaviour. Figure 12 shows
representative images of the cements cultured¥ata®s. The cements PHBV10Si and PHBV20Si
presented an organized cell layer with cell-to-osdintact that successfully adapted to the
underlying surface. Comparatively, the samples RFdBland PHB20Si showed a similar
appearance, although with a less abundant celt.l8ye cements PHBV10B and PHBV20B also
presented spread cells with an elongated morphplegme cell-to-cell contact, but areas of
continuous growth were rarely seen. PHB10B and RHBexhibited few isolated cells scattered

over the material surface.
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Figure 12: Representative SEM images of the cements culturgd uman bone marrow
osteaoblastic cells, at day 21.

Thus, the present results showed that the bespldastic behaviour was achieved with the
cements filled with the silicate glass. These tesmight be related with the good cell response to
the silicate containing materials, as silicon playgsimportant role in bone physiology, having a
positive effect on osteoblasts [48]. The silicatesg has also a low dissolution rate, as shown by
the WU, WL and SEM assays, which creates a stabface for cell adhesion and proliferation.
Comparatively, as referred above, the cementslfilith borate glass presented a high dissolution
rate, as evident by the WU and WL values, creatingunstable surface with very dynamic
dissolution/deposition events that impairs cellvgto The presence of the polymer PHB or PHBV
also affected significantly the cell response hiis ivay, the inclusion of the polymer PHBV greatly
improved the osteoblastic cytocompatibility, boththe cements filled with the silicate or the
borate glass, compared to the inclusion of therpelyPHB. In the cements filled with PHB and
borate glass, in addition to their high degradatiate, the higher amount of residual monomer
found in these cements, released to the cultureumedue to the dissolution events, might also
contribute to the poor biological performance, lseaof the known toxicity of the monomer [49].
However,in vivo, it is believed that the deleterious effect of emmd monomer release might be
greatly attenuated, due to the continuous circutatif the body fluids and the resulting clearance
from the regeneration area, improving the cell cesp.
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CONCLUSION

The comparative study of PHB and PHBV-containinests evidenced the high performance
of PHBV filler regarding mechanical properties abicompatibility. Considering the setting
parameters and comparing with the non-filled PMMAtrx, the behaviour was quite similar for
both cements, namely a lower peak temperature dobar setting time, which might represent a
extended time for bone cement preparation/apptinaturing surgical procedure.

The thermal analysis revealed a decrease in théngdemperature and in the degree of
crystallization when PHB was added to the cemgmishably due to a distortion of the lattice
caused by the presence of MMA.

In term of mechanical properties, the incorporatbiPHBYV led to higher bending strength and
similar elastic modulus, when compared with PHRfiteaching appropriate values to be used as
bone cements. The most relevant values of bendirepngth were obtained for the lower
biodegradable filler concentration (10 wt.%). Thements filled with PHBV also showed the
highest weight loss at 21 days and water uptalé® atays. The formation of a calcium phosphate
layer was verified for all investigated cementsndastrating that they are potentially bioactive.

Finally, the results demonstrated that PHBV-comtgrcements promoted a more developed
and well-organized osteoblastic cell layer and exdd higher cell proliferation and ALP activity,
indicating that the inclusion of this polymer resdl in a better biological response compared to

that observed on the cements containing PHB.
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES

CONCLUSIONS

Acrylic bone cement has emerged as one of the rigstd synthetic biomaterials in
contemporary orthopaedics being used in the tra@tofebone defects and fixation of implants.

Although universally used for many years acryliméaements are beset with a number of
drawbacks that limit their performance such as bonme-bonding capability, relatively low
mechanical strength, release of unreacted monontkhigh curing temperatures. These problems
can cause serious complications in vivo, such a&sosi&s of the surrounding tissues and even
loosening of the implant.

This thesis was conceived to be a contributiortlierdevelopment of an improved formulation
of bone cement, aiming at solving some of the knawawbacks of the conventional bone
cements, as aforementioned. Our approach to ackigsle objectives consisted in developing a
bioactive bone cement varying the composition ef solid phase, in which the PMMA was
replaced by bioactive glasses.

The initial strategy was to produce compositedillvith a silicate glass (CSi) and a borate
glass (CB), by thermal route, and to compare timeiritro performance in acellular and cellular
media. Both bioactive glasses, added to the fortiouns, allowed the formation of a calcium
phosphate layer. This layer is a strong indicatiwat, when in vivo the cement is able to bond
directly to bone. The bioactive fixation would ctihge the main mechanism of adhesion to the
bone avoiding the appearance of the fibrous ti¢syer and preventing the occurrence of micro
movements. The cellular assessment resulted iasindiar behaviour of the composites, in which
only CSi demonstrated an inductive effect on thadiferation of cells. The results showed that the
high B and Mg ionic concentration in the cell cutunedium inhibited cell proliferation on the
CB.

Commercial bone cements are prepared in the opgradom and the polymerization of MMA
occurs at room temperature initiated by a redoxesysconsisting of a peroxide (initiator) and
tertiary aromatic amines (activator). So, mosthaf €xperimental part of the work is based on this
method of polymerization using the chemical routd aroducing self cured cements. Practically
all commercially available formulations of cemenise N,N dimethyl-p-toluidine (DMT) as

activator, which is known to be a potential cargeo, a chromosome-damaging agent and an
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inhibitor of protein synthesis. Within this conteatir choice was to introduce an activator of
reduced toxicity (4,4-bis-dimethylamino benzydri)the cement preparation, in order to obtain
cured materials with improved biocompatibility.

The effect of glass content (30, 40 and 50%) amdposition of filler (silicate glass or borate
glass) in self cured cements was assessed. Theioaddif bioactive glass filler exhibited
significant improvements in the curing parameterd in the mechanical properties of the cements
(bending and compressive). These properties are dependent on the filler concentration than on
the glass composition. The composition of the glaswas relevant for the osteoblastic cell
response, since the incorporation of the silicatasgy significantly improved osteoblastic
cytocompatibility, whereas the presence of the teoglass resulted in a poor cell response.
Nevertheless it was demonstrated that the survig@lly on the B-glass cement surface were in a
more differentiated stage compared to those growuay the non-filled PMMA.

Loosening of the cemented prostheses results mpfrom the failure of the implant and/or the
bone cement, but also from the inflammatory respoofsthe bone tissue against bone cement
ingredients. Thus, in a part of this work it waplexed the possibility of incorporating ibuprofen
(anti-inflammatory drug) into the cement, aiminghave a material that shows simultaneously
controlled drug release and bioactive behaviouffe®nt amounts of ibuprofen (5, 10 and 20
wt.%) were loaded in the bioactive bone cement érenfilled with silicate glass, 50 wt%). The
curing parameters of the bioactive bone cement® waproved with the increasing amount of
ibuprofen leading to a reduction of the peak terafpee and an extension of the setting time. It was
also investigated whether the developed cementdheaduitable effect to potentiate the required
therapeutic action in a real situation. The compwss IB5 showed insufficient daily dose of
release for the treatment of inflammation. The IBA@ IB20 cements achieved the sufficient
therapeutic effect for the treatment of inflammatior one week and two weeks, respectively.

Considering the bioactive bone cement, a signifigart of the bioactive glass particles are
covered with the polymeric PMMA matrix and the a@mitwith the physiological solution is
absent, i.e. only the particles at the cement esarfre accessible, restricting the formation of
calcium phosphates associated to mineralizatiofinibely a much stronger interaction should be
attained if the bone was induced to grow also m#liet cement. This strategy can be achieved with
the introduction of biodegradable polymers in theabtive cement formulations, suggesting that
bone could be stimulated to grow around, as welhtsthe cement inside the space left by the
degraded material resulting in a stronger fixabbthe prosthesis.

In the final study conducted in this work the pb#gy of incorporation of
polyhydroxyalkanoates (PHB and PHBV) and a bio&ctjlass into the bone cement, combining a

biodegradable and a bioactive filler was explofBae results evidenced the high performance of
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PHBV polymer regarding mechanical properties andcdimpatibility. Concerning PHB a
reduction in its degree of crystallization was fied due to the presence of MMA, which can be
responsible for the lower mechanical propertiesianghir cell response. The used polymers have
different sorption abilities of the monomer becauske differences in their particle size.
Accordingly, PHBV-containing cements promoted a enodeveloped and well-organized
osteoblastic cell layer and achieved higher caflifgration and ALP activity. The data herein
presented demonstrates the potential and vergatilithe proposed material for improving the

cement performance.

SUGGESTIONS FOR FUTURE WORK

Despite the extensive in vitro characterizationradsged in this thesis, a research work is never
completed. Thus, it would be beneficial, in ourropn, to concentrate on the following issues in

future research.

Several aspects of the fatigue behaviour of d@eelaement should be investigated, since the
bone cement is also subjected to cyclic loadingiuo and its fatigue properties are of great

importance to experimental testing and clinicaf@@nance.

Porosity is the key feature involved in mechanfedlire and damage accumulation. Optimized
mixing methods such as vacuum-mixing and centrifogashould be tested to evaluate its effect

on the mechanical properties of bone cements.

The addition of radiopaque agent to the cementthadevaluation of its effect on the curing
parameters, mechanical properti@s,vitro degradation and biocompatibility of the materials

should be an interesting focus of study as well.

The study of the cement as a drug delivery systeonld be extended to the incorporation of
antibiotics like vancomicin and gentamicin, whicdndie used to prevent and treat periprosthetic

joint infections.

Finally, in a further stage, in vivo experimentsosghkl be performed, which would confirm

whether the cement has adequate properties fontéreded applications.
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