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Abstract

Two types of new bioactive polymethylmethacrylate (PMMA)-based bone cements containing
nano—sized titania (Ti0;) particles were prepared and evaluated to assess the effect of TiO,
content on their mechanical properties and osteoconductivity. We prepared two types of
bioactive bone cement, ST50c¢ and ST60c, which contained 50 wt% silanized T10, and 60 wt%
silanized TiO,, respectively. Commercially available PMMA cement (PMMACc) was used as a
control. The cements were inserted into rat tibiae and solidified in situ. After 6 and 12 weeks,
they were taken out for evaluation of osteoconductivity by scanning electron microscopy (SEM),
contact microradiography (CMR) and Giemsa surface staining. SEM revealed that ST60c and
ST50c apposed to bone directly while PMMACc did not. The affinity index of ST60c was
significantly higher than for the other cements at each time interval. The results showed that

ST60c was a promising material, but its mechanical strength should be improved before
application in prosthesis fixation.

Introduction

PMMA bone cement is generally used for prosthetic fixation clinically. But it cannot bond to
bone directly, that causes prosthetic loosening [1]. To overcome the disadvantage we have
developed a new type of bioactive bone cement which contains nano-sized titania particles,
crystal phase of which is anatase. Recently, anatase has been shown to have excellent apatite
forming ability in vitro and osteoconductivity in vivo [2, 3]. Titania is not degraded and is
thought to be stable in the body environment. The purpose of this study is to evaluate the

osteoconductivity of the titania-containing cements and examining the bone-cement interface
histologically.

Materials and Methods

Titanium dioxide powder. Titanium dioxide powder (ISHIHARA SANGYO KAISHA, LTD.,
Osaka, Japan) with an average particle size of 200 nm was used. Powder X-ray diffraction of the
particles showed anatase as its main phase. The powder was mixed into two kinds of
TiO,-dispersed cements designated ST50c and ST60c with 50 and 60 wt%, respectively. For
ST50c and ST60c, titanium dioxide particles were treated with y-methacryloxy propyl
trimethoxy silane (Shinetsu Chemical Industry, Tokyo) at 1.0-2.0 wt%, and these silanized
particles were subsequently dried and cured at 130 °C for 5 minutes.




Polymethyl methacrylate powder. Spherical PMMA powder, synthesized by suspension
polymerization, with an average molecular weight of 270000 and an average particle size of 5
um (standard deviation: 2 pm) was used [4].

Preparation of the liquid. Liquid methacrylate (MMA) monomer (Wako Pure Chemical
Industry, Osaka, Japan) was used.

Cement preparation. Three types of cement, designated ST50c¢, ST60c and PMMAc, were
prepared. PMMACc was a commercialized PMMA-based bone cement (Osteobond, Zimmer,
Warsaw, USA) used as a control material. The composition of ST50c and ST60c is shown in
Table 1. As an initiator, benzoyl peroxide (Wako Pure Chemical Industry) was added to the
powder at 4.0 wt% of the monomer, and as an accelerator, N, N-dimethyl-p-toluidine (Wako Pure
Chemical Industry) was dissolved in the liquid to 2.0 wt% of the monomer. Each cement was
prepared by mixing the powder with the liquid for 1 min: polymerization occurred within 7-9
minutes. The mechanical properties of the cured cements are shown in Table 2. These properties
were measured using rectangular bars (20 x 4 x 3 mm) of the cement mixtures under dry
conditions. After the cement had hardened, the specimens were tested with an Instron-type
testing machine (Model AGS-10kNG, Shimazu Co., Kyoto, Japan). The bending strength test

was carried out using the 3-point bending method (ASTM F417-78). Eight specimens were used
in each mechanical test.

Table 1. Composition of PMMA-based bioactive cements (wt%)

Cement Powders” Liquid”
Ti0, PMMA MMA

ST50¢c 50 20 30

ST60c 60 16 24

BPO was added in 4 wt% of the MMA
®DMPT was added in 2 wt% of the MMA

Table 2. Mechanical properties of ST50c, ST60c and PMMAc (means + SD, N = §)
Bending strength ~ Strain to failure  Bending modulus

(MPa) (%) (GPa)

ST50c  60.5+7.1 1.51+023 4.05+0.27
ST60c  522+12.5 1.64+0.1 4.23 +0.68
PMMAc  106.7 % 8.0 4.16+0.14 2.56+0.16

Animal experiment. Eight week-old male Wistar rats were used for the implantation study.
Cortical bone defects were created at the medial aspect of the proximal metaphysis of both tibiae,
and a paste-form cement was inserted into the intramedullary canals of both bone, and each paste
was allowed to cure in situ. A total of 18 rats (36 legs) were used, with each of the three types of
cements being used in 12 legs. Six legs in each of the three subgroups were sacrificed at 6 and 12
weeks after the operation. The specimens were observed and evaluated using light microscope,
contact microradiography (CMR) and scanning electron microscopy (SEM) with an
energy-dispersive X-ray micro analyzer (EDX). To evaluate osteoconductivity, affinity indices
(%) for each subgroup were calculated by using the SEM photographs.

Statistical analysis. Values were expressed as means and the standard deviations (SD), and
values for.each cement at each time interval were compared using Fisher’s PLSD post hoc
statistical test in StatView (version 5.0) for Windows. P values smaller than 0.01 were
considered statistically significant.

RESULTS
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Evaluation of the bone-cement interface. Giemsa surface staining showed that ST60c was in
direct contact with bone without intervening soft tissue in both the 6-week and the 12-week
specimens. ST50c¢ also appeared to be in direct contact with bone, but a quite thin layer of soft
tissue was suspected to intervene between the cement and bone. There was always a soft tissue
layer 10-30 um wide between PMMAc and bone. Typically, there was no inflammatory reaction
around all the three types of cements (Fig. 1).

(a)». Sios ap Al (b) L m A ),w.(f.c), ;
Fig. 1. Giemsa surface staining of (a) ST60c, (b) ST50c, (c) PMMACc in rat tibiae 6 weeks after
implantation. C, cement; B, bone; I, intervening soft tissue. Bar = 30 pm.

CMR revealed that a wider margin of ST60c and ST50c contacted bone directly than for
PMMAc. Remarkably both ST50c and ST60c showed a white line 30-60 pm wide marginally in
both the 6- and the 12-week specimens, and that could not be detected in PMMAc (Fig. 2). Low
magnification back-scattered SEM revealed that ST60c was in direct contact with bone in large
areas within 6 weeks, while ST50c¢ contacted bone directly over small areas. There was always a
soft tissue layer between PMMACc and bone. The white line was also seen circumferentially with
both ST50c and ST60c. High magnification back-scattered SEM also showed that ST60c bonded
to bone directly while PMMACc did not (Fig. 3). SEM-EDX analysis indicated that the white line -
seen around the titania-containing cements in SEM and CMR photographs mainly represents a Ti -
rich layer.

Evaluation of osteoconductivity. The affinity indices for all the cements at 6 and 12 weeks, and
the statistical comparisons, are shown in Table 3.

Table 3. The affinity indices (%) for ST50c, ST60c and PMMACc in rat tibiaekat 6 and 12 weeks
after implantation (mean + S.D., N=12) ‘

ST50c ST60c PMMACc
6w 16.1+10.8 26.8 + 8.3° 89+94
12w 209+73 31.3+8.7° 14.9+10.6

Significant compared with ST50c and PMMAc (p < 0.01).

Discussion and Conclusion

According to previous studies, we prepared high molecular weight PMMA for its contribution to
the increase of bioactivity of the cement [4]. The TiO, contents described above were chosen
because cements containing over 60 wt% TiO, were difficult to handle and those containing less
than 50 wt% TiO, had poor in vitro apatite forming ability. Between the titania-containing
cements, ST60c showed significantly good osteoconductivity at each time interval compared to
ST50c. High percentage of its bioactive titania content is supposed to attribute to superior
osteoconductivity of ST60c. CMR and SEM showed that the dispersion of TiO2 in ST50c and
ST60c was not adequate and the TiO2 in each cement often aggregated. This aggregation
suggests that even after silane-treatment, TiO2 powder tends to aggregate due to its surface
interaction. The bending strengths of ST50c and ST60c are inferior to PMMACc, and the strain to

e

e

e e e e

T ————



failure and bending modulus of the TiO,-containing cements indicate that they are more brittle
than PMMAc. The mechanical Weakness of TiO,-containing cements is probably due to the
inadequate TiO, dispersion.

So far titania-containing cements are not promising for prosthetic fixation because of its lower

mechanical properties than PMMAc, but they, especially ST60c, are acceptable materials as
bone

)(b) :
Fig. 2. CMR photographs of (a) ST60c and (b) ST50c in rat tibiae 12 weeks after implantation.
The white line (between arrows) is usually seen around ST60c and ST50c. C, cement; B, bone.
Bar = 60 pm.

(b)
Fig. 3. SEM photographs of ST60c (a), and PMMACc (b) in rat tibiae 6 weeks after implantation.
C, cement; B, bone; I, intervening soft tissue. Bar = 10 um

substitutes since they showed good osteoconductivity and their bending strengths are much
stronger than commercially available calcium phosphate cements. Furthermore the handling
property of ST60c is much better than the calcium phosphate cements. In conclusion, ST60c is
the most acceptable titania-containing cement with good prospects for clinical use due to its good
osteoconductivity; however, further research to improve the mechanical strength and to examine
the fatigue behavior in vivo should be performed.
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abstract
To realize an ideal bone cement for percutaneous vertebroplasty (PVP), we have developed PMMA-based
bioactive bone cements which contained titania particles, and evaluated on their mechanical properties,

setting properties, biocompatibility and osteoconductivity. The results showed that they were promising

materials as bone substitutes for PVP.
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SEM photographs of a) ST0.2-50c, b) ST0.2-60c, c) ST2-50c¢, and d) ST2-56¢ in rat tibiae 6

weeks after implantation.
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Abstract

Three types of bioactive polymethylmethacrylate (PMMA)-based bone cement
containing nano-sized titania (TiO,) particles were prepared, and their mechanical
properties and osteoconductivity evaluated. The three types of bioactive bone cement
were T50c, ST50¢, and ST60c, which contained 50 wt% TiO,, and 50 and 60 wt%
silanized TiO,, respectively. Commercially available PMMA cement (PMMAc) was
used as a control. The cements were inserted into rat tibiae and allowed to solidify in
situ. After 6 and 12 weeks, tibiae were removed for evaluation of osteoconductivity
using scanning electron microscopy (SEM), contact microradiography (CMR), and
Giemsa surface staining. SEM revealed that ST60¢ and ST50c were directly apposed
to bone while T50¢ and PMMAc were not. The osteoconduction of ST60c¢ was
significantly better than that of the other cements at each time interval, and the
osteoconduction of T50c was no better than that of PMMAc. The compressive
strength of ST60c was equivalent to that of PMMAc. These results show that ST60c

is a promising material for use as a bone substitute.

Keywords: Titanium oxide; Bioactivity; Osteoconduction; Polymethylmethacrylate
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1. Introduction

It is more than 40 years since Charnley first used polymethylmethacrylate
(PMMA) for fixation of prostheses [1], and PMMA is now widely used in orthopedics
for prosthesis fixation. However, it has been shown that PMMA cannot bond to bone
directly: an intervening soft tissue layer usually exists between the bone and the
cement, which occasionally leads to aseptic loosening [2,3]. On the other hand,

PMMA has been demonstrated to be biocompatible and easy to shape in vivo,

allowing its use as a bone substitute in reconstructive surgery of the knee [4] and in
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vertebroplasty [5-8]. However, the strongly exothermic setting reaction, the toxic
effects of the monomer and, again, the inability to bond directly to bone, pose several

potential risks [9-11]. Indeed, clinical complications have been reported in

vertebroplasty [12,13], and these complications could have been avoided if the

cements used had the ability to be well integrated and bind to bone, or if the monomer %
|

content of PMMA bone cement had been so reduced that the thermal and toxic effects
were decreased.
To overcome these problems, many types of bioactive bone cements have been ,

developed [14]. Among these cements, we have focused on composites of polymers

and bioactive materials and, as a result, we have developed several bioactive bone
cements [15-19]. In this process, we revealed that the use of bioactive fillers of small

particle size and high molecular weight PMMA powder favorably affected the

bioactivity of the PMMA-based cements [19,20].
Recently, nano-sized powders of anatase, a crystal phase of titania, have been
successfully manufactured. Anatase has been shown to have excellent in vitro apatite-

forming ability [21] and in vivo osteoconductivity [22]. Therefore, PMMA-based

bone cement containing anatase titania powder may have superior bioactivity and may




be suitable for application as a bone substitute. The purpose of this study was to
evaluate the mechanical properties and osteoconductivity of titania-containing
cements by performing mechanical tests, examining affinity indices in rat tibiae, and

histologically examining the bone—cement interface.

2. Materials and Methods
2.1. Preparation of cement precursors

Titania powder (Ishihara Sangyo Kaisha Ltd, Osaka, Japan) with an average
particle size of 200 nm and a specific surface area of 9.5 m*/g was used. Powder X-
ray diffraction of the particles showed anatase as the main phase (Fig. 1).

The powder was mixed with PMMA powder to give three kinds of Ti0,-dispersed
cements, designated T50c, ST50c, and ST60c with 50, 50, and 60 wt% TiO,,
respectively. For ST50c and ST60c, the titania particles were treated with Y-
methacryloxypropyltrimethoxysilane (Shinetsu Chemical Industry, Tokyo, Japan) at
1.0-2.0 wt%o; the silanized particles were subsequently dried and cured at 55 °C for 5
h.

Spherical PMMA powder, synthesized by suspension polymerization [23] with an
average molecular weight of 270,000 daltons and an average particle size of 5 pm
(standard deviation: 2 um) [24] was used.

Liquid methylmethacrylate (MMA) monomer (Wako Pure Chemical Industries,

Osaka, Japan) was used.

2.2. Cement preparation

Four types of cement, designated T50c, ST50c, ST60c, and PMMACc, were

prepared. PMMAc was a commercially available PMMA-based bone cement



(Osteobond; Zimmer, Warsaw, USA) and was used as a control material. The
compositions of each cement containing TiO, are shown in Table 1. As an initiator,
benzoyl peroxide (Wako Pure Chemical Industries) was added to the powder at 4.0
wt% of the monomer and, as an accelerator, N, N-dimethyl-p-toluidine (Wako Pure
Chemical Industries) was dissolved in the liquid to 2.0 wt% of the monomer. Each
cement was prepared by mixing the powder with the liquid for 1 min. The setting
times which were measured using a Vicat needle in the central part of a Teflon mold
(inner diameter 6 mm, height 6 mm) filled with cement, were 8 min 20 s for T50c, 8

min 10 s for ST50¢, and 7 min 20 s for ST60c.

2.3. Mechanical testing
The compressive strength, bending strength, and bending modulus of each cement
were measured using five specimens in each mechanical test. For bending mechanical
analysis, four-point bend testing was performed. The specimens were cut to the
desired shape and then polished, using 400 grit silicon carbide paper, to a size of 70
mm x 20 mm x 5 mm. A testing machine, Model 5582 (Instron, Nagoya, Japan), was
used to apply a load. The span between outer loading points was 60 mm, and 20 mm
between the outer and inner loading points. Measurements were performed with a
cross-head speed of 5.0 mm/min at room temperature in air, according to ISO 5833.
Bending modulus and bending strength were calculated as:
Bending strength o = (3pl/bd?) ' (1)
Bending modulus E = § L x (31*-4L%/4fbd?), )
where pr was the load at fracture (N), L was the distance between the inner and outer

loading points (millimeters), b was the sample width (millimeters), d was the sample

height (millimeters), | was the distance between outer loading points (millimeters),




was the difference between the deflections under the loads of 15 and 50 N
(millimeters), and 6 was the load range. For compressive mechanical analysis,

specimens had dimensions of 12 mm length and 6 mm diameter. They were polished,
using 400 grit silicon carbide paper, to remove defects from their surfaces. The
strength measurement was carried out at a cross-head speed of 20 mm/min according
to ISO 5833. The tests were carried out at room temperature in air. The compressive

strength was calculated from the following equation:

Compressive strength o ¢= F/A, 3)

where F was fracture load (N) and A was the initial cross-sectional area (mm?).

2.4. Animal experiments

Eight-week-old male Wistar rats weighing 180-230 g were used for the
implantation study, following guidelines for use of experimental animals set by Kyoto
University, Japan. The animals were husbanded and experiments were performed at
the Institute of Laboratory Animals, Faculty of Medicine, Kyoto University. The rats
were operated on under general anesthesia induced by intraperitoneal injection of
sodium 5-ethyl-5-(1-methylbutyl) barbiturate (sodium pentobarbitone (Nembutal);
Dainippon Pharmaceutical Co., Osaka, J apan) at 40 mg/kg of body weight. For
evaluation of osteoconductivity, cortical bone defects measuring 2 mm X 7 mm were
created in the medial aspect of the proximal metaphyses of both tibiae, and bone
marrow was curetted. The intramedullary canals of the bone defects were irrigated
with physiological saline, paste-form cement was inserted at random, and each paste
was allowed to cure in situ [15-19]. Titania-containing cement powders were milled

manually before the animal experiments. Twenty-four rats (48 legs) were used, with
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each type of cement being used in 12 legs. Three mice (six legs) from each of the four

subgroups were killed 6 and 12 weeks after the operation.

2.5. Microscopic examination

Specimens were dehydrated through a graded ethanol series (70, 80, 90, 99, and
100 vol%) and embedded in epoxy resin (Epofix; Struers Co., Copenhagen, Denmark).
Using a band saw (BS-3000; EXAKT, Norderstedt, Germany), thin sections (100 or.
500 pm in thickness) were cut perpendicular to the axis of a tibia containing the
cement. We could typically make five sections from each leg. The third section (100
um in thickness) from the most distal portion of each leg was ground to a thickness of
60-80 pm using a grinding—sliding machine (Microgrinding MG-4000; EXAKT) for
Giemsa surface staining. The second and fifth sections (100 um in thickness) from
each leg were prepared for contact microradiography (CMR). The first and fourth
sections (500 pum in thickness) from each leg were polished with diamond paper and
coated with a thin layer of carbon for observation using a scanning electron
microscope (SEM: S-4700; Hitachi Ltd, Tokyo, Japan); some of these SEM
specimens were analyzed using an energy-dispersive X-ray micro analyzer (EMAX-
7000; Horiba Ltd, Kyoto, Japan) attached to the SEM (S-4700).

To evaluate osteoconductivity, affinity indices, as percentages, were calculated for
each subgroup from the 12 SEM photographs of the tibial sections from fhe six tibiae
in the group (i.e., two sections from each tibia in each subgroup). To calculate the
affinity index [25] from an SEM photograph, we divided the length of bone in direct
contact with the cement surface without any intervening soft tissue by the total length
of the cement surface, and this value was multiplied by 100 [15-19,23]. The length

was measured using an integrated image analyzer (Tectron, Kyoto, Japan) [15-19,23].




To examine only the reaction of the cement within the bone, the area of the cortical ' §

bone defect was excluded when the total length of the cement surface was measured.

2.6. Statistical analysis

Values were expressed as means and standard deviations (SD), and values for
each cement at each time interval were compared using one-way analysis of variance.
Subsequently, possible differences were investigated using Fisher’s PLSD post hoc

statistical test using StatView (version 5.0) for Windows. A p value less than 0.01 was

considered statistically significant.

3. Results

3.1. Mechanical properties

The results of mechanical property determinations and typical stress-strain curves

——

of compressive and bending strength tests are shown in Fig. 2. The ultimate
compressive strengths of T50c, ST50c, ST60c, and PMMACc were 70.3 +9.7, 91.8 +
7.7,89.2+10.6, and 87.9 £ 2.7 MPa, respectively. The ultimate bending strengths of

T50c, ST50c, ST60c, and PMMACc were 34.4 + 4.5,25.5+£9.5,27.5+5.7,and 59.4 +
7.8 MPa, respectively. The bending moduli of T50c, ST50¢, ST60c, and PMMAc

%
|
were 2.80 & 0.70, 2.37 £ 0.63, 2.24 + 0.62, and 1.56 + 0.28 GPa, respectively. §

3.2. Evaluation of the bone—cement interface

Giemsa surface staining showed that there was almost no inflammatory reaction
around any of the cement types in both the 6-week and the 12-week specimens (Fig.

3). Between the 6-week and the 12-week specimens no significant change in

appearance could be seen with Giemsa surface staining. While ST60c¢ was in direct




contact with bone with no intervening soft tissue in large areas (F ig. 3¢,g), ST50c and
T50c also appeared to contact bone directly, but a thin layer of soft tissue was
suspected to be present between the cement and bone (Fig. 3a,b,e,f). Furthermore,
T50c often had clefts in it (Fig. 3a,e). There was always a soft tissue layer 10-30 uni
wide between PMMAc and bone (Fig. 3d,h).

CMR revealed that a wider margin of ST60c and ST50c¢ contacted bone diréc‘dy
than for T50c and PMMAc (Fig. 4a;d). Remarkably, all three types of cement
containing titania showed a marginal white line 30-60 um wide in both the 6- and the
12-week specimens, which was not detected around PMMAc. The presence of this
white line was independent of bone apposition, and it always existed in large areas
whether the cement contacted bone or fibrous tissue (Fig. 4a—c). The white line in
ST60c-containing samples was more clearly observed than those in T50¢- and ST50c-
containing samples. The contact areas shown by CMR were typically wider than seen
by SEM. CMR also revealed some micron-sized aggregates in T50c, ST50c, and
ST60c, but there was no significant difference among those cements in the number
and size of the aggregates.

Back-scattered SEM revealed that ST60c was in direct contact with bone in
relatively large areas within 6 weeks (Fig. 5¢), while ST50¢ contacted bone directly
over small areas; frequently there was a soft tissue layer less than 10 pm in thickness
between ST50c and the bone (Fig. 5b). There was always a soft tissue layer between
T50c and PMMAc and the bone (Fig. 5a,d). The intervening fibrous tissue layer
between ST50c or ST60c and bone in the areas where the cement did not contact bone,

was always thinner than that between PMMAc and bone.

Back-scattered SEM and SEM-EDX demonstrated that ST60c bonded to bone

directly (Fig. 6a,b). The white line was as clear in the SEM photographs as in the




CMR photographs; however, EDX analysis showed a Ti rich layer at the rim of ST60c

(Fig. 7).

3.3. Evaluation of osteoconductivity

The affinity indices for all the cements at 6 and 12 Weeks, and the statistical
comparisons, are shown in Fig. 8. The values for T50c, ST50c, ST60c, and PMMAc
were 10.7 £ 7.3, 16.1 £ 10.8,26.8 = 8.3, and 8.9 & 4.4, respectively, at 6 weeks, and

11.0+£5.5,209+7.3,31.3+£8.7, and 14.9 + 10.6, respectively, at 12 weeks.

4. Discussion

Titania is spontaneously formed on titanium in air and electrolytes; it is stable in
the body and does not degrade. Recently Uchida et al. [21] reported that titania with
specific crystal structures such as anatase are effective in apatite formation in vitro,
which is believed to be a prerequisite for bioactivity. Cements containing titania have
already been applied in endodontics as a root canal sealer, where the aim of including
titania is to control setting time and handling of the cement [26]. We are the first to
use titania to add bioactivity to bone cement. Our preliminary studies revealed that
PMMA-based composite cements containing over 60 wt% titania or 70 wt% silanized
titania powder were difficult to make, because of limitations in filler loading,
especially with cement containing nonsilanized titania powder: silane treatment of
filler particles reduces the amount of monomer required to achieve sufficient wetting
of the filler particles [27]. It was also revealed that the more titania powder the
cements contained, the better the apatite-forming ability of the cement in simulated
body fluid [28], although there was no significant difference on the apatite-forming

ability between cements containing silanized and nonsilanized titania powders.




Shinzato also reported that there was a trend for the osteoconductivity of PMMA-
based bioactive bone cements to increase as bioactive filler content increased up to 70
wt% [23]. Consequently, we chose T50c, ST50c, and ST60c as promising materials
for this in vivo study. In accordance with our previous study [19], we used high
molecular weight PMMA powder because it showed low solubility in the MMA
monomer in the polymerizing reaction. As a result, titania could be exposed at the
cement surface without being covered by a layer of polymerized MMA, which
presumably would contribute to the osteoconductivity.

In the present study, ST60c showed significantly increased osteoconductivity at
each time interval when compared with PMMAc. Among the titania-containing
cements, ST60c showed significantly increased osteoconductivity at each time point
compared with T50c and ST50c, while ST50¢ did so only at 12 weeks compared with
T50c¢. The high percentage of bioactive titania content is thought to contribute to the
superior osteoconductivity of ST60c. T50¢ showed less osteoconductivity than ST50c,
possibly because nonsilanized titania particles in T50c could not disperse well and
polymerization of MMA was incomplete, especially near the cement surface;
consequently the T50c collapsed gradually and often formed clefs, disturbing bone
apposition, as revealed by Giemsa surface staining. Moreover, leakage of the
nonpolymerized MMA monomer from the cement surface of T50c may have
contributed to the decrease in its osteoconductivity.

As revealed by histological examination, all the cements containing titania
particles had good biocoﬁlpatibility and there was no evidence of the detachment of
titania particles from the cement surface. There is always a concern about particle

detachment, which could elicit an inflammatory response [29], and further




experiments on long-term local and systemic responses to the cement implantation
should be performed.

The white line seen around the titania-containing cements in CMR photographs
mainly represents a Ti rich layer, as indicated by SEM-EDX analysis. The formation
of a Ti rich layer at the rim of T50c, ST50c, and ST60¢ is thought to be because
anatase-titania, which has abundant Ti~OH groups on its surface [21,30], is relatively |
hydrophilic in comparison with methylmethacrylate and it takes several minutes for %
the cement inserted into rat tibiae to solidify completely. No compression was applied §
while the cement was setting, so some blood mixed with the cement at the rim and, as %
a result, titania particles possibly gathered at the rim to form a Ti-rich layer. However, ;
the possibility that the release of nonreacted monomer might cause the dense titania- i
containing layer and thus form the white line could not be ruled out. In the present
study, histologically, the intensity of the white line appeared not to decrease and bone
apposition along the line was not disturbed. It is not known whether the titania lines
positively affect the bone-bonding strength of cement. This should be confirmed using
a bonding strength test. However, the histological findings indicated the titania lines
at the interface did not have a negative effect on the biocompatibility of cement, and
that they promoted contact between the bone and the cement.

The compressive strengths of ST50c¢ and ST60c¢ were equivalent to PMMAc,
while that of T50c was significantly lower than PMMAc. As Beatty et al. [31] noted,
when fillers are added to an unfilled matrix without coupling, the stress-bearing cross-
sectional area of the matrix is reduced. Our data supports this hypothesis. In contrast,
the bending strengths of ST50c and ST60c were significantly lower than that of

PMMAc. Bending tests generate tensile stress in the cement sample, and the stress

. . . . |
concentrates in cracks to break down the sample rapidly, while compressive stress




does not. There is no binding energy between aggregated titania powder particles,
whether silane treated or not. In this experiment, tensile stress in the cement was
presumably concentrated in the cracks in the aggregates and, as a result, the bending
strength of cements containing titania was decreased. Silanized particles tend to
aggregate more than nonsilanized particles, as was reported by Wang et al. [32],
which might contribute to the lower bending strengths of ST50c and ST60c compared
with that of T50c seen in this study. The powder preparation for mechanical testing
included no milling process, so the nano-sized titania powder might aggregate more
readily than that used in the animal experiments, in which milled pdwders were used.

Similar types of PMMA-based composite cement were developed by Shinzato et
al., who used the same PMMA/MMA system and bioactive filler silanized with y-
methacryloxypropyltrimethoxysilane [19]. They developed PMMA-based composite
cement containing glass beads, AW—glass ceramic or hydroxyapatite fillers at 70 wt%,
and reported their affinity indices and mechanical properties. ST60c has a comparable
affinity index to cement containing AW—glass ceramic or hydroxyapatite fillers at 70
wt%, though ST60c was inferior to cement containing glass bead at 60—70 wt%.
Shinzato et al. also investigated the effect of glass bead filler size on the mechanical
properties and osteoconductivity of cements containing glass beads (GBC), and
reported that there was a trend for the osteoconductivity of GBC to increase as the
mean glass bead size decreased [20]. We hypothesize that this trend could favorably
affect the osteoconductivity of cements containing nano-sized titania. From the
present study, it was not possible to predict whether the nano-size of titania particles
positively affect osteoconductivity of cement. Clearly, to determine this it is necessary
to compare osteoconductivity among cements containing different sized titania

particles. PMMA-based composite cement containing titania particles has inferior




bending strength compared to that of cement containing glass bead filler, although our
data could not be directly compared with others’, as the method of measurement
reported by Shinzato et al. was different [19,20,23]. It was reported that an increasing
trend in bending strength was observed as the filler size in PMMA-based composite
cement decreased [20]. However, our data suggested that the nano-size of titania
particles did not favorably affect the mechanical properties of the cement, and this
was perhaps because titania particles formed aggregates in the cement.

Indeed, the cements containing titania particles did not reach the minimum
bending strength required in the ISO 5833 standard (50 MPa). However, the standard
is applied to acrylic resin cements used for prosthesis fixation, and not for cements
used for vertebroplasty. The optimal mechanical properties of bone cements for
vertebroplasty have not yet been fully defined [33], and recently favorable
vertebroplasty results using calcium phosphate cements have been reported [34]. The
compressive and bending strengths of ST50c or ST60¢ were acceptable when
compared with those of calcium phosphate-based cements used for vertebroplasty. For
older patients undergoing surgery, early weight bearing on the operated site is of great
significance because long-term bed rest is likely to reduce muscle strength and cause
systemic side effects such as dementia, decubitus, and cardiopulmonary dysfunction.
Therefore, it seems reasonable that PMMA, which sets and gains maximum strength
quickly, has been used for vertebroplasty.

Titania-containing cements have been developed to replicate the beneficial
characteristics of PMMA and overcome the disadvantages of PMMA [3,9-11].
PMMA bone cement was not primarily introduced as a bone substitute for

vertebroplasty, but for implant fixation in orthopedic applications. Therefore, to use

commercial PMMA bone cements as a bone substitute for vertebroplasty, it is




necessary to add contrast materials to improve radiopacity and visual control [35]. On
the other hand, titania is an oxidized metal and a highly radiopaque material.
Therefore cements containing more than 50 wt% titania are expected to be highly
radiopaque. Mdreover, for TiO,-containing cements, toxicity to living tissue is
diminished through the decrease in MMA monomer content, decreasing the
temperature of the exothermic polymerization reaction, and the lack of leached ions.
The maximum surface temperatures during polymerization, measured using an
infrared thermometer in the conditions of 36.5 °C and 100% relative humidity, were

89 °C for ST60 and 126 °C for PMMACc.

5. Conclusion
We compared three types of titania-containing cement with PMMA bone cement,
and found that osteoconductivity and compressive strengths of the cements containing
silanized titania powder were superior to the cement containing nonsilanized titania.
Moreover, the cement containing 60 wt% silanized TiO, showed better
osteoconductivity than PMMA alone and cement containing 50 wt% silanized Ti0,.
To date, ST60c is the most acceptable TiO,-containing cement, with good

prospects for clinical use due to its good osteoconductivity and handling properties,

and acceptable mechanical strength.
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Figure Captions

Fig. 1. Powder X-ray diffraction of titanium dioxide powder, which contained anatase

crystal as its main phase.

Fig. 2. (a) Mechanical properties of T50c, ST50c, ST60c, and PMMAc (means + SD,
n=>5). *Significant compared with ST50¢, ST60c, and PMMAc (p < 0.01).
**Significant compared with T50c, ST50c, and ST60¢ (p <0.01). ***Significant
compared with PMMAc (p < 0.01). (b) Typical stress—strain curves of bending

strength (A) and compressive strength (B).

Fig. 3. Giemsa surface staining of (a) T50c, (b) ST50c, (c) ST60c, and (d) PMMACc in
rat tibiae 6 weeks after implantation. (e) TS0c, (f) ST50c, (g) ST60c, and (h) PMMACc
in rat tibiae 12 weeks after implantation. Arrowhead, cement crack; C, cement; B,

bone; I or between arrows, intervening soft tissue. Bar = 30 pm.

Fig. 4. CMR photographs of (a) T50c, (b) ST50c, and (¢) ST60c in rat tibiae 12 weeks
after implantation. The white line (between arrows) is usually seen around T50c,

ST50c, and ST60c. C, cement; B, bone. Bar = 60 pm.

Fig. 5. SEM photographs of (a) T50c¢, (b) ST50c, (¢) ST60c, and (d) PMMAC in rat

tibiae 12 weeks after implantation. C, cement; B, bone; [ or between arrows,

intervening soft tissue. Bar = 10 um.
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Fig. 6. SEM and SEM-EDX photographs of ST60c ((b) shows the same area as (a)) in

rat tibiae 12 weeks after implantation. SEM-EDX demonstrated the bone apposition

of ST60c. Bar = 10 um

Fig. 7. SEM-EDX analysis shows a white Ti rich layer at the rim of ST60c. Between

arrows = white line.

Fig. 8. Affinity indices for all the tested cements at 6 and 12 weeks (n=12).

*Significant at 6 and 12 weeks (p < 0.01).

**Significant at 12 weeks (p < 0.01).




Table 1. Composition of PMMA-based bioactive cements

Cement Powders® Liquid®
Ti0, PMMA MMA
wt% (vol%) wt% (vol%) wt% (vol%)
T50¢ 50 (21) 20 (27) 30 (52)
ST50¢ 50 (21) 20 (27) 30 (52)
ST60c 60 (28) 16 (25) 24 (47)

“BPO was added at 4 wt% of the MMA.

*DMPT was added at 2 wt% of the MMA.
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