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Abstract Conventional polymethylmethacrylate (PMMA)

cements and more recently Bisphenol-a-glycidyl dimethac-

rylate (BIS-GMA) composite cements are employed in

procedures such as vertebroplasty. Unfortunately, such

materials have inherent drawbacks including, a high curing

exotherm, the incorporation of toxic components in their

formulations, and critically, exhibit a modulus mismatch

between cement and bone. The literature suggests that alu-

minium free, zinc based glass polyalkenoate cements (Zn-

GPC) may be suitable alternative materials for consideration

in such applications as vertebroplasty. This paper, examines

one formulation of Zn-GPC and compares its strengths,

modulus, and biocompatibility with three commercially

available bone cements, Spineplex�, Simplex� P and Cor-

toss�. The setting times indicate that the current formulation

of Zn-GPC sets in a time unsuitable for clinical deployment.

However during setting, the peak exotherm was recorded to be

33�C, the lowest of all cements examined, and well below the

threshold level for tissue necrosis to occur. The data obtained

from mechanical testing shows the Zn-GPC has strengths

of 63 MPa in compression and 30 MPa in biaxial flexure.

Importantly these strengths remain stable with maturation;

similar long term stability was exhibited by both Spineplex�

and Simplex� P. Conversely, the strengths of Cortoss� were

observed to rapidly diminish with time, a cause for clinical

concern. In addition to strengths, the modulus of each material

was determined. Only the Zn-GPC exhibited a modulus

similar to vertebral trabecular bone, with all commercial

materials exhibiting excessively high moduli. Such data

indicates that the use of Zn-GPC may reduce adjacent

fractures. The final investigation used the well established

simulated body fluid (SBF) method to examine the ability of

each material to bond with bone. The results indicate that the

Zn-GPC is capable of producing a bone like apatite layer at its

surface within 24 h which increased in coverage and density

up to 7 days. Conversely, Spineplex�, and Simplex� P exhibit

no apatite layer formation, while Cortoss� exhibits only

minimal formation of an apatite layer after 7 days incubation

in SBF. This paper shows that Zn-GPC, with optimised setting

times, are suitable candidate materials for further develop-

ment as bone cements.

1 Introduction

Polymethlymethacrylate (PMMA) has been employed as a

bone cement since the 1960s [1]. Originally used for the

fixation of prostheses these cements have more recently

been employed to stabilise compression fractures of the

vertebrae [2–4], and to treat both vertebral tumors [5] and

haemangiomas [6] by percutaneous vertebroplasty. Despite

these successes, PMMA is beset with inherent drawbacks,

including the risk of thermal and chemical necrosis to

healthy bone tissue [7], impaired functioning of the

immune system [8, 9] and a variety of systemic and car-

diovascular reactions [10]. Given these deficiencies,

research literature relating to the investigation of alterna-

tive materials for skeletal applications is abundant [11–19].

In addition to the much discussed calcium phosphates,

an additional group of materials; Bisphenol-a-glycidyl di-

methacrylate (BIS-GMA) resins are of significant interest.

BIS-GMA resins have been investigated for potential

skeletal applications since the 1970s [20]. One commercially

available brand; Cortoss� (Orthovita, Malvern, USA) is
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currently being marketed as bone void filler, for the stabili-

sation of compression fractures in vertebrae. In contrast to

PMMA cements, Cortoss� benefits from a high degree of

monomer conversion [21], decreasing the amount of leach-

able toxic monomer from the cement mantle. Additionally,

this cement is reinforced with ceramic particles to stimulate

bone apposition at the interface, and has improved interfacial

bond strengths between implant and bone [22]. Cortoss� is

currently undergoing clinical trials in the USA [23] for use as

a bone void filler with particular emphasis on the augmen-

tation of vertebral bodies. Notwithstanding the improve-

ments Cortoss� offers, there remains a number of drawbacks

associated with its use in skeletal applications including an

excessively high exothermic reaction (63�C) relative to the

threshold associated with thermal necrosis of healthy bone

tissue (56�C) [24, 25]. Many studies have also documented a

cytotoxic potency of BIS-GMA and triethyleneglycol-di-

methacrylate (TEG-DMA) [26–30]. These components have

also been associated with decreased recruitment of leuko-

cytes to sites of inflammation as well as inducing deletions in

DNA sequences resulting in increased mutation frequency

[31].

Potential alternatives to PMMA and BIS-GMA bone

cements are glass polyalkenoate cements (GPCs); formed

by the reaction of an acid degradable alumino-silicate glass

with an aqueous solution of polyalkenoic acid, usually

polyacrylic acid (PAA) [32]. GPCs are bioactive materials

[33] with mechanical properties similar to bone, and have

an established record of success in dental applications.

However, numerous cases of aluminium induced enceph-

alopathy have been reported [34–37], due to the release of

the neurotoxic Al3+ ion from the mantle of set GPCs in

vivo. Subsequently, aluminium based GPCs were contra-

indicated for use in skeletal applications, particularly for

procedures where the cement could come in contact with

cerebrospinal fluid (CSF). The authors have previously

reported the development of aluminium free GPCs for

consideration as skeletal materials [14–19]. These materi-

als are based on predicate dental materials and exhibit

similar properties to their predecessors but are formed from

a calcium–strontium–zinc–silicate glass, thus eliminating

the threat of aluminium induced neurotoxicity. The novel

zinc based GPCs (Zn-GPCs) have strengths suitable for

load bearing applications [19], demonstratable bioactivity

in vivo [14], and are inherently antibacterial [16] due to the

release of bacteriocidal ions from the cement mantle.

It is the aim of this paper to compare a selection of the

physical and mechanical properties, and the biocompati-

bility of Zn-GPCs with commercially available bone

cements Simplex� P, Spineplex� (both PMMA) and

Cortoss� (BIS-GMA), with the objective of offering a

critical review of which materials are most suitable to

clinical applications.

2 Materials and methods

2.1 Materials

2.1.1 Glass synthesis

One CaO–SrO–ZnO–SiO2 glass composition, 0.04SrO/

0.12CaO/0.36ZnO/0.48SiO2 (mol. fraction), was synthe-

sized. Appropriate amounts of analytical grade calcium

carbonate, strontium carbonate, zinc oxide and silicon

dioxide (Sigma Aldrich, Dublin, Ireland), were weighed

out in a plastic tub and mixed in a ball mill for 1 h, then

dried (100�C, 1 h). The pre-fired glass batch was then

transferred to a platinum crucible for firing (1,480�C, 1 h).

The glass melt was subsequently quenched into water and

the resulting frit was dried, ground and sieved to retrieve a

\45 lm glass powder. The glass was then annealed

(645�C, 3 h) to relieve internal stresses within the glass

network such that Zn-GPC specimen preparation was

possible.

2.1.2 Commercial bone cements

The following commercial bone cements were reviewed in

this study:

1. Surgical Simplex� P (Stryker International, Limerick,

Ireland) powder lot # 0700-2-136, liquid lot # 865EK.

2. Spineplex� (Stryker International, Limerick, Ireland)

powder lot # V03062006-09, liquid lot # 893GN

060764.

3. Cortoss� (Orthovita, Malvern, USA) lot number

A603014, mixing tips lot # A612012 and delivery

gun lot # A603018.

2.1.3 Cement preparation

Zn-GPCs (termed BT101) were prepared by mixing the

glass with an aqueous solution of PAA; Mw = 80,800

(Advanced Healthcare, UK) on a clean glass slab with a

dental spatula at a powder liquid ratio of 2:1.5. Mixing of

the Zn-GPCs was completed within 20 s. All commercial

materials were produced in strict compliance with manu-

facturer’s instructions.

2.1.4 Determination of setting times and exotherm

The setting time of cements was measured in accordance

with ISO 9917 [38]. An empty mould 10 mm 9 8 mm 9

5 mm was placed on aluminium foil and filled to a level
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surface with mixed cement. Sixty seconds after mixing

commenced, the entire assembly was placed on a metal

block (8 mm 9 75 mm 9 100 mm) in an oven maintained

at 37�C. Ninety seconds after mixing, a Vicat needle

indenter (mass, 400 g) was lowered onto the surface of the

cement. The needle was allowed to remain on the surface

for 5 s, the indent was then observed and the process

repeated every 30 s until the needle failed to make a

complete circular indent when viewed at 29 magnification.

The net setting time of three tests was recorded. Plastic

moulds (12.6 mm height 9 12.5 mm /) were packed with

cement (n = 3) in order to determine the peak exotherm

during setting. A thermocouple attached to an Accumet�

portable AP6 multimeter (Reagecon, Shannon, Ireland)

was placed into the cement 30 s after mixing commenced

and the peak exotherm was recorded directly from the

meter.

2.1.5 Determination of compressive strength

The compressive strength of each cement was assessed

using the protocols outlined in ISO9917. Spilt ring moulds

(4 mm Ø, 6 mm height), were filled to excess with freshly

mixed cement then covered with acetate. The moulds were

then sandwiched between 2 stainless steel plates, clamped,

and incubated (37�C, 1 h). The moulds were then removed

from the clamps. Flash around the moulds was removed

using a grinding wheel (100 rpm) and 1200 grit silicon

carbide paper. This ensured that all compression specimens

had flat ends, which were parallel to one another. Speci-

mens were incubated (37�C) for 1, 7, 30 and 90 days. After

each incubation period, the specimens (n = 5) were loaded

on an Instron 4082 Universal Testing Machine (Instron

Ltd., High Wycombe, Bucks, UK) using a load cell of 5 kN

at a crosshead speed of 1 mm min-1.

2.1.6 Determination of biaxial flexural strength

and biaxial flexural modulus

The biaxial flexural strength (BFS) of cements was deter-

mined in a similar fashion to that used by Williams et al;

using three support bearings on the test jig. After mixing,

rubber moulds (12 mm Ø, 2 mm thick) were filled to

excess with cement then sandwiched between 2 acetate

covered stainless steel plates and incubated (37�C, 1 h).

Following incubation the samples were de-moulded and

flash was removed from the edges of each disc using 1200

grit silicon-carbide paper. Specimens were then placed in

distilled water and incubated for 1, 7, 30 and 90 days.

Specimen thickness was measured using Vernier callipers.

After each incubation period, the specimens (n = 5) were

loaded on an Instron 4082 Universal Testing Machine

(Instron Ltd., High Wycombe, UK) using a load cell of

5 kN at a crosshead speed of 1 mm min-1. Biaxial flexural

strength (BFS) was calculated according to Eq. 1.

BFS =
qðNÞ

t2
f0:63 lnðr=tÞ þ 1:156g ð1Þ

where q is the fracture load (N), t the sample thickness, and

r is the radius of the support diameter (mm).

Biaxial flexural modulus was determined using the

method of Higgs et al. [39] where poisson’s ratio was

assumed to be 0.3.

2.1.7 Preparation of simulated body fluid (SBF)

SBF was produced in accordance with the literature [40].

The composition is illustrated in Table 2. Reagents were

dissolved in sequential order (as per Table 1) into 500 ml

of purified water (Reagecon, Shannon, Ireland) using a

magnetic stirrer. The solution was maintained at 36.5�C

(±1.5�C) using a water bath. One mole-HCl was titrated to

adjust the pH of the SBF to 7.40. Purified water was then

added to adjust the total volume of liquid to 1 l. Once

prepared, the SBF was stored for 24 h (5�C) to ensure that

no precipitation occurred.

2.1.8 Evaluation of biocompatibility using SBF

Each bone cement (n = 3 per incubation period) was

prepared as described previously. Each specimen of cement

was subsequently immersed in a volume of SBF such that

the following equation was satisfied:

Vs ¼ Sa=10 ð2Þ

where Vs is the volume of SBF (ml) and Sa is the surface

area of the specimen (mm2).

Table 1 Order and amounts of reagents used to prepare 1,000 ml of

SBF

Order Reagent Quantity

1 NaCl 8.035 g

2 NaHCO3 0.355 g

3 KCl 0.225 g

4 K2HPO4 � 3H2O 0.231 g

5 MgCl2 � 6H2O 0.311 g

6 1.0 M-HCl 39 ml

7 CaCl2 0.292 g

8 Na2SO4 0.072 g

9 Tris 6.118 g

10 1.0 M-HCl 0–5 ml
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Specimens were stored in plastic containers for 24 and

168 h. After the specified incubation times, the cements

were removed from the SBF, gently rinsed, and stored in a

desiccator prior to analysis. A JOEL JSM-840 scanning

electron microscope was used to obtain secondary electron

images of the surface of cement discs.

3 Results and discussion

3.1 Setting times and exotherm

The setting times and peak exotherm of each cement are

listed in Table 2. Cortoss� and Simplex� P have average

setting times of 5 m 45 s and 6 m 18 s, respectively.

Spineplex� has a setting time of 7 m 15 s, whilst the

experimental Zn-GPC set after 55 s.

The desirable setting times of a bone-cement is depen-

dant on the surgical procedure being undertaken. For

example, the optimum setting time of cements for use in

applications such as the stabilisation of compression frac-

tures of the vertebrae is in the range of 5–8 min [41]. In

this regard, the commercial materials are well tailored in

respect of their applications. In contrast, BT101 exhibits a

setting time too rapid for surgical deployment in any

application. However, the authors have recently published

data which proves that controlled additions of tri-sodium

citrate to the formulation of Zn-GPCs like BT101 can

significantly improve working and setting times without

adversely effecting strengths [42].

A additional aspect of the setting reaction of many

commercial bone cements is the evolution of heat during

curing, resulting in the thermal necrosis of healthy bone

stock in vivo [25, 43, 44]. The peak exotherm for 1 cm3

(approx.) of each cement was examined in this work

(results illustrated in Table 2). The data shows that both

Simplex� P and Spineplex� exhibit temperatures well

above the threshold for tissue necrosis to occur. Whilst

Cortoss� exhibits a lower peak exotherm than Simplex� P

and Spineplex�, it generated more heat than BT101.

However, the maximum exotherm reached for both Cor-

toss� and BT101 are below the threshold for tissue

necrosis. In this work, exothermic evaluation was under-

taken on small amounts of each material (approx. 1.1 cm3),

and it is likely that the heat generated from a larger volume

of material would be greater in magnitude and may exceed

the threshold for exothermic necrosis. Thus, whilst it is

evident that BT101 exhibits the lowest peak exotherm, an

expanded, volume dependent, study will be required in the

future for completeness.

3.2 Compressive and biaxial flexural strength

From Fig. 1, it is evident that Cortoss� exhibits the highest

compressive strength (CS) of all cements investigated.

However, the compressive strength of Cortoss� decreases

significantly with maturation (179–91 MPa, from 1 to

30 days). No degradation in strength was associated with

the maturation of the PMMA materials. Rather, slight

increases in the mean compressive strengths were observed

(99–113 MPa, from 1 and 7 days for Simplex� P and 98–

116 MPa from 7 to 30 days for Spineplex�). BT101 per-

formed in a similar fashion to Simplex� P and Spineplex�,

with no deterioration in strength observed with maturation.

In relation to the biaxial flexural strength (Fig. 2), Sim-

plex� P exhibits the highest biaxial flexural strength of all

cements investigated, with Spineplex� and Cortoss�

exhibiting similar BFS after 1-day maturation. However, as

with CS there is a significant decrease in the BFS of Cor-

toss� with respect to time (96–59 MPa for 1 and 30 days,

respectively). No deterioration in BFS, with respect to time,

was evident for Spineplex�, Simplex� P or BT101.

The deterioration in strengths recorded for Cortoss�

over both test modalities is related to the chemistry of the

cement. The hydroxyl groups of BIS-GMA cements con-

tribute to water absorption, which leads to plasticization of

the cement matrix with time and a concomitant decrease in

strength [45, 46]. In addition to plasticization of the matrix

Abe et al. [47] have indicated that water absorption into

Table 2 Setting times (s) and peak exotherm (�C)

Cement name Setting time (s) Peak exotherm (�C)

BT101 55 (0) 34 (1.3)

Cortoss� 345 (30) 47 (3.6)

Spineplex� 435 (8.7) 67 (1.4)

Simplex� P 378 (2.9) 60 (4.4)

Fig. 1 Comparison of the compressive strength of experimental and

commercial bone cements, alongside the compressive strength of

vertebral and cortical bone
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reinforced BIS-GMA materials like Cortoss� results in

filler failures and filler-matrix de-bonding resulting in

reduced strengths. Given that clinicians have previously

stated that ‘reinforcement should not deteriorate over time’

[41] such time-dependant deterioration in strength as

observed for Cortoss� in this paper is cause for clinical

concern.

In contrast to Cortoss�, conventional GPCs exhibit

increasing strengths with maturation time in aqueous

environments; owing to the continuous setting process

which takes place within the matrix of conventional GPCs

[32]. The authors have previously shown that Zn-GPCs,

similar in composition to BT101 can be made to exhibit

increased strengths with time [14]. However, in this work,

no variations in strength were evident with maturation time

(Figs. 1 and 2), a feature attributable to the unique cement

composition used in this study which ensures complete

evolution of strength within 24 h, thus providing clinicians

with a cement implant which achieves full strength rapidly,

and does not lose integrity with age.

Such stability was also a feature of the PMMA based

bone cements (Figs. 1 and 2). However, whilst both Sim-

plex� P and Spineplex� have similar strengths at all

maturation times, in biaxial flexure, Simplex� P is stronger

than Spineplex� at all times. There are two contributing

factors to this. Firstly, the biaxial flexural test is deemed a

far more sensitive test than compression testing, mainly

because it eliminates the influence of intersecting planes of

shear and edge defects from the result [48]. Thus, differ-

ences in the integrity of materials are more readily detected

by the biaxial flexural test. However, the underlying reason

for decreased strengths of Spineplex� as compared with

Simplex� P is due to compositional differences between

both cements. Firstly, the levels of radio-pacifying agent

Barium sulphate (BaSO4) incorporated in each cement

formulation are influential. In the case of Simplex� P, 10%

w/w of the formulation is BaSO4 [12], however for

improved visualization under fluoroscopy, the BaSO4

content of Spineplex� is 30% w/w [49]. Importantly, the

literature indicates that BaSO4 can reduce the mechanical

strengths of PMMA bone cements [50]. Furthermore, and

as a consequence of an increased BaSO4 loading in

Spineplex�, there is a concomitant decrease in the per-

centage of methylmethacrylate (MMA)-styrene-copolymer

and prepolymerized PMMA beads in the cement. Previous

data in the literature shows that decreasing the MMA-sty-

rene-copolymer content of PMMA bone cements results in

significant reductions in the compressive strength of the

final cements. Therefore, the reduction in strength of

Spineplex� as compared with Simplex� P is as a result of

increased BaSO4 content and decreased MMA-styrene-

copolymer content of Spineplex�.

In relation to the clinical potential of Zn-GPCs in

applications such as vertebroplasty, the stiffness of the

material, rather than its compressive and biaxial flexural

strengths, is very important. Fractures adjacent to verteb-

roplasty sites are being increasingly reported [51–53].

While the etiology for such fractures is complex, excessive

stiffness of bone cements relative to vertebral trabecular

bone has been implicated as an area of considerable con-

cern [54, 55].

The modulus of PMMA is far greater than trabecular

vertebral bone, therefore after augmentation of a vertebra

with PMMA cement, the stiffness of the trabecular bone

increase 12-fold. This change in vertebral body stiffness

results in re-distribution loads through the treated vertebrae

and onto adjacent vertebrae, resulting in fracture [52, 54,

55]. In order to overcome this, a material with a modulus

matched to that of trabecular vertebral bone would be a

significant advantage in the field of vertebroplasty. As can

be seen in Fig. 3, both Spineplex�, Simplex� P and

Fig. 2 Comparison of the biaxial flexural strength of experimental

and commercial bone cements

Fig. 3 Comparison of the biaxial flexural modulus of each bone

cement with that of trabecular vertebral bone (data for vertebral bone

taken from literature)
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Cortoss� exhibit excessively high moduli when compared

to the Zn-GPC, which exhibits a modulus matched closely

to that of vertebral trabecular bone [56]. As such this will

eliminate modulus mismatch difficulties associated with

these stiffer materials and thus will help to reduce adjacent

fractures caused by increased stiffness of vertebrae after

vertebroplasty.

3.3 Evaluation of biocompatibility using SBF

In 1991 it was proposed that the ability of an artificial

material to bond with bone tissue lay in that material’s

ability to form an apatite layer at its surface in vivo.

Furthermore, this in vivo apatite formation could be

reproduced using SBF with ion concentrations similar to

those of blood plasma (Table 3) [57].

Since then, the use of SBF as a preliminary screen for

biocompatibility has become widespread, with the litera-

ture clearly demonstrating a well established correlation

between a materials ability to induce apatite formation in

SBF and its ability to bond directly to living bone tissue

[40].

In this paper, three commercial bone cements and one

experimental bone cement were evaluated in SBF. In rela-

tion to Simplex� P and Spineplex�, the SEM images

(Fig. 4) do not provide any evidence for the formation of an

apatite layer in SBF. The precipitation of an apatite layer in

SBF is governed by complex thermodynamics, consisting

of 17 association/disassociation reactions [58]. Tanihara

et al. [59] have identified the factors, which govern the

nucleation of apatite on a substrate and primary amongst

these factors is the ability of a material to increase the ionic

activity product of apatite [58]; with such an increase being

facilitated by release of Ca2+, PO3-
4, or OH-, from the

cement (Ca2+ being most effective). Therefore, the lack of

apatite at the surface of Simplex� P and Spineplex� is

likely due to the compositional deficiencies of the cements.

The last commercial cement examined was Cortoss�; a

BIS-GMA cement containing silane treated glass ceramic

Table 3 Ion concentrations

(mM) of SBF and human blood

plasma [57]

Ion SBF Blood plasma

Na+ 142.0 142.0

K+ 5.0 5.0

Mg2+ 1.5 1.5

Ca2+ 2.5 2.5

Cl- 147.8 103.0

HCO3
- 4.2 27.0

HPO4
2- 1.0 1.0

SO4
2- 0.5 0.5

Fig. 4 SEM images (1,0009)

of Simplex� P (a, b) and

Spineplex� (c, d) after

immersion in SBF after 1

and 7 days, respectively
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particles (Na2O–CaO–P2O5–SiO2), silane treated baria-

boroalumino-silicate glass and silane treated amorphous

silicon dioxide [12]. The SEM results (Fig. 5) indicate no

apatite layer after 1-day incubation in SBF. However, after

7 days, evidence of formation of an apatite like surface

precipitate was present; a feature that has been attributed to

the release of ions from the silane treated glass ceramic

particles, with the slow evolution of apatite being related to

minimal ion release from the glass-ceramic particles [23].

Conversely, the experimental Zn-GPC gave the best

results in the SBF trail where the formation of an apatite

layer was observed after 1 day. The coverage and density

also appeared to increase from 1 to 7 days. These results

correlate well with previously published data which, using

EDX has chemically analysed such surface precipitates and

has identified amorphous calcium phosphate layers at the

surface of similar Zn-GPCs after 24 h [14, 23]. Such results

indicate that the experimental Zn-GPCs may have potential

to bond directly to living bone tissue upon implantation.

4 Conclusions

The aim of this study was to compare a selection of the

physical and mechanical properties, and biocompatibility

of Zn-GPCs with three commercial bone cements,

Simplex� P, Spineplex� and Cortoss�. The results indi-

cated that the experimental cement sets far too quickly for

clinical deployment, as compared with commercial mate-

rials. However recent developments have shown that the

setting time of such cements can be modified without

adversely affecting strengths. As part of the investigation,

the peak exotherm was also determined, and it was found

that the experimental bone cement exhibited the lowest

exotherm (34�C) of all materials examined and conse-

quently could eliminate clinical concerns relating to the

thermal necrosis. In relation to mechanical properties, the

commercial cements exhibited the higher strengths than the

experimental cement. More importantly, the modulus of

the commercial materials was found to be excessively high

as compared with the modulus of vertebral trabecular bone.

However, the modulus of the experimental cement matched

that of vertebral trabecular bone, indicating that its use in

such procedures as vertebroplasty could reduce the

instances of adjacent fractures in the spine. A final point to

note from the analysis of the mechanical properties of the

materials is that, while the strengths of BT101, Simplex� P

and Spineplex� remain static with time, the strength of

Cortoss� decreases with time in an aqueous environment

and this is cause for clinical concern. Finally, as expected,

neither Simplex� P nor Spineplex� induced the formation

of an apatite layer in SBF. Cortoss� was shown to have an

Fig. 5 SEM images (1,0009)

of Cortoss (a, b) and BT101 (c,

d) after immersion in SBF after

1 and 7 days, respectively
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apatite layer after 7 days; however, the experimental bone

cement facilitates the formation an apatite layer after 24 h

indicating that in vivo it may form a direct bond with bone

quicker than its commercial counterparts.

The study has limitations, primarily the quantity of

material used to evaluate setting times and peak exotherm

is not equivalent to the volume of material that would be

deployed in a procedure like vertebroplasty (up 8 cm3).

Notwithstanding this limitation, the study has highlighted

some issues relating to commercial materials and has

shown that an alternative material based on aluminium free

glass polyalkenoate chemistry may be suitable for surgical

procedures such as vertebroplasty.
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