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Fig. 6. SEM image (obtained in backscattered mode) of the implant-bone interface at 4 weeks. (A) Untreated implant group. Although immature bone approached the
implant, it did not directly bond with the implant, giving rise to a gap (white asterisks) between the implant and the bone. (B) ACaH600W-treated cp-Ti plates. (C)
ACaH600W-treated Ti15Zr4Nb4Ta plates. (D) ACaH700W-treated cp-Ti plates. (E) ACaH700W-treated Ti15Zr4Nb4Ta plates. (F) ACaH700W-treated Ti29Nb13Ta4.6Zr plates.
Direct bonding between bone and implant was observed for all treated implants. The contact area was comparatively large (D, E) and the new bone was relatively mature and

dense. B, bone.
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Fig. 7. Surface staining of the bone-implant interface with Stevenel’s blue and Van Gieson’s picrofuchsin at 4 weeks. (A) Untreated implant group. (B) ACaH600W-treated cp-
Ti plates. (C) ACaH600W-treated Ti15Zr4Nb4Ta plates. (D) ACaH700W-treated cp-Ti plates. (E) ACaH700W-treated Ti15Zr4Nb4Ta plates. (F) ACaH700W-treated
Ti29Nb13Ta4.6Zr plates. Both the treated and untreated implant groups showed coarse bone formation on the implant. The treated implants (B~F) showed partial direct bone
bonding, whereas the untreated implant (A) showed a thick layer of intervening fibrous tissue. The ACaH700W-treated cp-Ti plates (D) had an unclear boundary between the
new bone and original bone, which indicated bone maturity. OB, original bone; NB, new bone.

conventional alkali and heat treatment, although successful with
Al- and V-containing Ti alloys (Ti6Al4V, Ti15Mo5Zr3Al, and
Ti6AI2Nb1Ta) [9-11], was ineffective with Ti15Zr4Nb4Ta and
Ti29Nb13Ta4.6Zr.

The increased apatite formation after the NaOH and heat treat-
ments is attributed to the formation of sodium titanate on the sur-
face. In SBF sodium titanate releases Na* ions via exchange with
Hs0" ions to form Ti-OH groups on the surface, which induce apa-
tite formation, as earlier described for NaOH- and heat-treated Ti
metal [28,29]. However, Ti containing Ca®* ions instead of Na* ions

on its surface is expected to exhibit higher apatite formation, since
the released Ca®* ions more effectively increase the ionic activity
product of the apatite in the surrounding body fluids [30]. In fact,
several studies have investigated the incorporation of Ca®* ions
onto Ti surfaces [31-33]. However, the techniques mentioned in
these studies require expensive specialized apparatus for ion
implantation [32] or a specialized high pressure apparatus
operating in an aqueous environment at high temperatures for
application to medical devices [31,33]. We recently ascertained
the in vitro apatite forming ability of cp-Ti, Ti15Zr4Nb4Ta, and
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Fig. 8. Surface staining of the bone-implant interface with Stevenel’s blue and Van Gieson’s picrofuchsin at 16 weeks. (A) Untreated implant group. (B) ACaH600W-treated
cp-Ti plates. (C) ACaH600W-treated Ti15Zr4Nb4Ta plates. (D) ACaH700W-treated cp-Ti plates. (E) ACaH700W-treated Ti15Zr4Nb4Ta plates. (F) ACaH700W-treated
Ti29Nb13Ta4.6Zr plates. Both the treated and untreated implant groups showed mature bone on the implant. The treated implants (B-F) showed almost complete direct bone
bonding, whereas the untreated implant (A) showed a thin layer of intervening fibrous tissue (white arrow) and only partial direct bone bonding (dotted white arrow). The
ACaH700W-treated samples exhibited new bone of such maturity that the new bone was undistinguishable from the original bone (D-F), although this was not the case with

the ACaH600W-treated plates (B, C). OB, original bone; NB, new bone.

Ti29Nb13Ta4.6Zr alloy implants by using simple and economical
ACaHW treatments [17-19]. Furthermore, in the present study an
in vivo bone bonding ability was confirmed. The mechanisms of
apatite formation following ACaHW treatment are interpreted in
terms of surface structural changes as follows. The apatite forming
ability increased after CaCl, treatment following NaOH treatment,
although this ability is lost after heat treatment to strengthen the
treated layer due to the reduced mobility of Ca®* ions in calcium
titanate [17]. This problem is resolved by the subsequent water
treatment, which contributes to increased mobility of the Ca?* ions
in calcium titanate by incorporation of H30* ions [17].

We previously reported that sodium removal through hot water
immersion in the course of alkali and heat treatment considerably
enhanced the apatite forming ability of Ti in SBF. Sodium removal
enhanced the bone bonding strength of Ti subjected to alkali and
heat treatment at 4 and 8 weeks post-operative, however, the fail-
ure loads of the implants subjected to sodium-free alkali and heat
treatment decreased after 16 weeks implantation because the trea-
ted layer flaked off [5]. On the other hand, the failure loads in the
present study did not decrease and no flaking of the treated layer
was observed by SEM through to the end. We considered that the
stability of the ACaHW-treated layer was confirmed by these results.

In comparison with the case of heat treatment at 600 °C, heat
treatment at 700 °C led to a significant improvement in apatite for-
mation in SBF and tensile strength in vivo. However, the EDX re-
sults were not significantly different. In the detachment test all
treated specimens ruptured on the bone side. Hence, we consider
that the differences in failure load between samples subjected to
ACaH600W and ACaH700W treatment stem from bone maturity
and adhesion based on the histological findings. In other words,
the increase in heat treatment temperature to 700 °C increased
the extent of bone formation around the implant.

In general, the apatite forming ability of Ti metal subjected to
alkali and heat treatment was liable to decrease when the treated
Ti metal was stored in a humid environment for a long period of
time, because of the release of Na* ions from the sodium titanate.
However, it is reported that the apatite forming ability of
ACaHW-treated Ti metal did not decrease, even when the treated

Ti metal was kept in a humid environment [19]; this finding can
be attributed to the low mobility of Ca®* ions compared with Na*
ions in the titanate.

Thus, from an overall perspective, it is expected that when
Ti15Zr4Ta4Nb and Ti29Nb13Ta4.6Zr alloys with superior biocom-
patibility and mechanical properties are endowed with bioactivity
and stability through ACaHW treatment, the treated alloys will be
useful in developing novel orthopedic implants that function under
loaded conditions, such as cementless joint replacement implants,
external fixation pins, and spinal fusion implants.

5. Conclusions

Commercially pure Ti and its Zr-, Nb-, and Ta-containing alloys
(without V and Al), namely Ti15Zr4Ta4Nb and Ti29Nb13Ta4.6Zr,
exhibit enhanced apatite formation in vitro and bone bonding
in vivo after alkali, CaCl,, heat, and water treatment. In particular,
implants heat treated at 700 °C have significantly augmented apa-
tite formation in SBF and stronger bone bonding in vivo. The pres-
ent results suggest that these treated Ti alloys may be useful to
develop novel orthopedic implants that function under loaded con-
ditions, because of their superior mechanical properties and excel-
lent bioactivity and cytocompatibility.
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Appendix Appendix. A. Figures with essential colour
discrimination

Certain figures in this article, particularly Figs. 1, 7, and 8 are
difficult to interpret in black and white. The full colour images
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Abstract: Ti-15Zr-4Nb-4Ta alloy does not contain any cyto-
toxic elements and has a high mechanical strength. Water or
HCl and heat treatments were applied to this alloy after
NaOH treatment to form a bioactive titanium oxide layer with
a nanometer scale roughness on its surface. The nanometer
scale roughness was formed on the surface after the first
NaOH treatment and remained, even after a subsequent
water or HCl and heat treatment. A layer that was mainly
composed of anatase was formed on the surface after the
heat treatment. Thus, the treated alloy showed a high apa-
tite-forming ability in an SBF, as well as a high scratch resist-
ance. lts high apatite-forming ability was attributed to its
positive surface charge. The same alloy subjected to a heat

treatment without a water or HCI treatment after the NaOH
treatment did not show an apatite-forming ability. This was
attributed to a too slow release rate of sodium ions from the
surface in an SBF. Ti-15Zr-4Nb-4Ta alloy samples subjected
to a water or HCl and heat treatment after the NaOH treat-
ment are expected to be useful as orthopedic and dental
implants, since they can form an apatite layer on their
surface in a living body and bond to living bone through
this apatite layer. © 2011 Wiley Periodicals, Inc. J Biomed Mater
Res Part A: 97A: 135-144, 2011.

Key Words: Ti-15Zr-4Nb-4Ta alloy, acid, positive charge, apa-
tite, cytotoxic-free

INTRODUCTION
Because of their high mechanical strength and good bio-
compatibility, titanium (Ti) metal and its alloys are widely
used in various implants, such as in artificial joints and
tooth roots in orthopedic surgery and dentistry. However,
they do not bond to living bone, and hence, their fixation
to the surrounding bone is not stable for a long period. It
has been reported that Ti metal with a surface sodium tita-
nate layer formed after an NaOH and heat treatment forms
a bonelike apatite layer on its surface in the living body,
and bonds to living bone through this apatite layer*™ This
type of chemical and heat treatment has been applied to
the porous titanium metal surface layer of an artificial total
hip joint, and has been used clinically in Japan since
2007

The above treatment is effective for inducing bone-bond-
ing bioactivity in conventional Ti-based alloys, such as
Ti-6Al-4V,® Ti-15Mo-5Zr-3AL7 and Ti-6Al-2Nb-1Ta.® How-
ever, these treatments are not effective in inducing apatite-
forming ability in the new Ti-Zr-Nb-Ta alloys,® which are
free from elements suspected of cytotoxicity. Among these
alloys, Ti-15Zr-4Nb-4Ta (Ti-15-4-4) alloy shows a high
mechanical strength.’

Correspondence to: S. Yamaguchi; e-mail: sy-esi@isc.chubu.ac.jp

We have previously shown that if this alloy is subjected to
NaOH, CaCl,, heat, and water treatments, it forms a Ca-defi-
cient calcium titanate on its surface, and exhibits an apatite-
forming ability in a body environment.'® However, metals
enriched with sodium or calcium ions on their surfaces tend
to release the sodium or calcium ions to some degree via
exchange with oxonium ions in a body fluid, increase pH of
surrounding environment by consuming the oxonium ions in
it, and, therefore, are liable to have an unfavorable effect on
living cells, especially in the narrow spaces of a porous body.

On the other hand, recently, it has also been shown that
Ti metal bonds to living bone, if it has been subjected to a
heat treatment after an acid treatment to form a titanium
oxide layer on its surface.'® It should be noted that thus
formed titanium oxide layer does not release any ions into
surrounding fluid in body environment. However, there is a
difference in the surface topography after the alkaline and
acid treatments. The former treatment gives a nanometer
scale roughness, whereas the latter treatment gives a micro-
meter scale roughness. It is assumed that a nanometer scale
roughness may be more suitable for the surface of porous
Ti metal in terms of its osteoconductivity as well as osteoin-
ductivity,'? if the layer does not release any ions. A layer of
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soluble-ion-free bioactive titanium oxide with a nanometer
scale roughness may be formed on Ti metal by applying
acid and heat treatments after an NaOH treatment. It has
already been reported that such a surface layer is formed
on Ti metal if it is subjected to an HCl and heat treatment
after an NaOH treatment."® From animal experiments, it was
confirmed that porous Ti metal subjected to the same treat-
ment exhibits osteoconductivity'* as well as osteoinductivity.'®

The aim of this study is to investigate the conditions of .

chemical and heat treatments for producing a surface layer
on Ti-15-4-4 alloy that shows high apatite-forming ability in
a body environment without giving any ion release in sur-
rounding fluid, and has a nanometer scale roughness which
is considered to be effective for osteoinductivity.'®> The fac-
tor governing its high apatite-forming ability is discussed
from a view point of surface potential of the Ti-15-4-4 alloy
subjected to the chemical and heat treatments.

Regarding the formation of a titanium oxide layer having
an apatite-forming ability on Ti-15-4-4 alloy, Sugino et alté
have already reported that a rutile layer forms on this alloy
after a heat treatment at 500°C precipitates apatite in a
simulated body fluid (SBF), but only in the internal surfaces
of microgrooves. The reason for the formation of apatite is
not yet known.

MATERIALS AND METHODS

Sample and surface treatments

Ti-15-4-4 alloy (Ti = balance, Zr = 14.51, Nb = 3.83, Ta =
3.94, Pd = 0.16, and O = 0.25 mass%) supplied by the
Kobelco Research Institute, Inc., Japan, was cut into rectan-
gular-shaped samples with dimensions of 10 x 10 x 1
mm?, abraded with 400 diamond plates, and washed with
acetone, 2-propanol, and ultrapure water in an ultrasonic
cleaner for a period of 30 min, and then dried at 40°C. The
samples were soaked in 5 mL of a 5M NaOH aqueous solu-
tion at 60°C for a period of 24 h in an oil bath, and then
shaken at a speed of 120 strokes/min. After being removed
from the solution, the alloy samples were gently rinsed with
ultrapure water for a period of 30 s, and dried at 40°C. The
samples were subsequently soaked in 10 mLof a dilute HCl
solution at a concentration of 0.5 or 50 mM at 40°C for a
period of 24 h. The HCl treatment using a 0.5 or 50 mM
HCI solution is denoted in the manuscript as a 0.5 HCl or
50 HCI treatment, respectively. For reference, the alloy sam-
ple was soaked in 200 mL of ultrapure water at 40°C for a
period of 24 h after the NaOH treatment, where the ultra-
pure water was refreshed after a period of 12 h. The alloy
samples were then removed from the solution, washed with
ultrapure water, and then dried. After the chemical treat-
ment, they were heated to 600°C at a rate of 5°C/min in a
Fe-Cr electrical furnace in air, kept at 600°C for a period of
1 h, and then allowed to cool at the natural rate of the
furnace.

Soaking in an SBF

The samples subjected to chemical and heat treatments
were soaked at 36.5°C in 24 mL of a simulated body fluid
(SBF)?” having ion concentrations nearly equal to those of
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human blood plasma (Na* = 142.0, K* = 5.0, Ca®" = 2.5,
Mg?* = 1.5, CI” = 147.8, HCO;™ = 4.2, HPO,*~ = 1.0, and
$0,*~ = 0.5 mM). The SBF was prepared by dissolving rea-
gent-grade NaCl, NaHCOs;, KCl, K,HPO4-3H,0, MgCl-6H,0,
CaCl,, and Na;SO4 (Nacalai Tesque, Inc, Kyoto, Japan) in
ultrapure water and buffed at pH = 7.4 with tris hydroxy-
methylaminomethane (CH,OH)3CNH, (Nacalai Tesque, Inc,
Kyoto, Japan), and 1M HCl at 36.5°C. After soaking in the
SBF for 3 d, the samples were removed from the SBF, gently
rinsed with ultrapure water and dried at 40°C.

Surface analysis

Scanning electron microscopy. The surface and cross-sec-
tional area of the alloy samples subjected to chemical and
heat treatments, and those subsequently soaked in an SBF
were coated with a Pt/Pd film and observed under a field-
emission scanning electron microscope (FE-SEM; S-4300,
Hitachi Co., Japan) using an acceleration voltage of 15 kV.
The sample preparation for the cross-sectional observations
followed the procedure given in our previous article.'®

Thin film X-ray diffraction and Fourier-transform confo-
cal laser Raman spectroscopy. The surface of the alloy
samples subjected to the chemical and heat treatments, and
those subsequently soaked in an SBF were analyzed using
thin film X-ray diffraction (TF-XRD, Model RNT-2500, Rigaku
Co., Japan) and Fourier transform confocal laser Raman
spectroscopy (FT-Raman, LabRAM HR800, Horiba Jobin-
Yvon, France). The TF-XRD used a CuKa X-ray source oper-
ating at 50 kV and 200 mA, and the glancing angle of the
incident beam was set to an angle of 1° against the sample
surface. The FT-Raman used an argon laser with a wave-
length of 514.5 nm as the laser source.

Scratch resistance measurements. The scratch resistance
of the surface layer formed on the alloy samples from the
chemical and heat treatments was measured using a thin
film scratch tester (Model CSR-2000, Rhesca Co., Japan),
employing a stylus with a diameter of 5 um with a spring
constant of 200 g/mm. Based on the data in the JIS R-3255
standard, the amplitude, scratch speed, and loading rate
used were 100 um, 10 pm/s, and 100 mN/min, respectively.
Five measurements were carried out for each sample, and
the average value was used in our analysis.

Zeta potential measurements. Large size Ti-15-4-4 plates
(dimensions = 13 x 33 x 1 mm®) were prepared for the
zeta potential measurements using the method of chemical
and heat treatments described in Sample and surface treat-
ments, where only the volumes of the solutions were
increased to 15 ml for the NaOH solution, 600 mL for
water, and to 30 mL of the 0.5 HCl or 50 HCl solutions, in
accordance with the increase in surface area of the samples.
The treated alloy samples were electrically grounded to
allow for any leakage of stray charge, and were immediately
set in a zeta potential and particle size analyzer (Model
ELS-Z1, Otsuka Electronics Co., Japan) using a glass cell for
the plate sample. The zeta potential of the samples was
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FIGURE 1. FE-SEM photographs of the surfaces of NaOH-treated Ti-15Zr-4Nb-4Ta alloy subsequently subjected to water, 0.5 HCI, or 50 HCI, and

heat treatments.

measured under an applied voltage of 40 V in a 50 or
100 mM NaCl solution. The dispersant monitoring particles
of polystyrene latex (size = 500 nm) were coated with
hydroxyl propyl cellulose. Five samples were measured for
each experimental condition, and the average value was
used in our analysis.

X-ray photoelectron spectroscopy. The surfaces of the alloy
samples soaked in the SBF for various periods after the
chemical and heat treatments were analyzed using X-ray
photoelectron spectroscopy (XPS, ESCA-3300KM, Shimadzu
Co,, Japan). In our analysis, Mg-Ka radiation (A = 9.8903 A)
was used as the X-ray source. The XPS take-off angle was
set at 45 degrees, which enabled the system to detect pho-
toelectrons to a depth of 5 to 10 nm from the surface. The
binding energy of the measured spectra was calibrated by
reference to the C;; peak of the surfactant CH, groups on
the substrate at 284.6 eV. The measured spectra were
decomposed and subjected to curve fitting for quantitative
analysis.

RESULTS
Surface structure
Figure 1 shows FE-SEM photographs of the surface of the
alloy samples subjected to water, 0.5 HCl or 50 HCl, and
heat treatments after an NaOH treatment. A fine network
structure on the nanometer scale was formed on the surface
of the alloy after the initial NaOH treatment, and this was
essentially unchanged by the subsequent chemical and heat
treatments.

Figure 2 shows FE-SEM photographs of the cross-section
of the samples shown in Figure 1. A 500-nm thick layer,
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which was composed of many feather-like phases that were
elongated perpendicular to the surface, had formed on the
surface of the Ti-15-4-4 alloy after the NaOH treatment. The
density of the surface layer increased with increasing depth.
The thickness of the surface layer was unchanged by the
subsequent water or 0.5 HCl treatment, but decreased
slightly after the 50 HCI treatment. The subsequent heat
treatment did not change the surface structure.

Table I shows the result of the XPS quantitative analysis
of the surface of the alloy samples subjected to the NaOH,
water, 0.5 HCl, or 50 HC], and heat treatments. The NaOH
treatment incorporated 4.9 atm. % of Na ions into the sur-
face of the alloy samples. The Na ions were completely
removed by both the subsequent water and 0.5 HCl or 50
HCIl treatment. It should be noted that some of the alloying
elements, such as Zr, Nb, and Ta were released by the NaOH
treatment, but some remained, even after the subsequent
water and 0.5 HCl or 50 HCI treatment. The slight increase
in minor alloying elements after the 50HCl treatment
reflected the decrease in thickness of the surface layer.
When the NaOH-treated sample was heated, the Na content
significantly increased to 12.3 atm. %, indicating that the
surface layer was densified after the heat treatment after
dehydration. The heat treatment induced no apparent
changes in the chemical composition for the NaOH-water-
and NaOH-0.5 HCl-treated samples, but a slight increase in
the Zr, Nb, and Ta contents was detected for the NaOH-50
HCl-treated sample.

Figure 3 shows the TF-XRD and FT-Raman profiles of
the surface of the alloy samples subjected to the NaOH, and
then a water and 0.5 HCl or 50 HCl treatment. The broad
TF-XRD peaks occurring around 20 = 24, 28, and 48
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FIGURE 2. FE-SEM micrographs of the cross-sections of NaOH-treated Ti-15Zr-4Nb-4Ta alloy subsequently subjected to water, 0.5 HCI, or 50

HCI, and heat treatments.

degrees and FT-Raman peaks occurring around wavenum-
bers = 280, 450, 700, 820, and 910 cm ' after the NaOH
treatment were assigned to sodium hydrogen titanate
(NaXHZ_XTi307).19‘2° When the NaOH-treated samples were
subjected to water and 0.5 HCl or 50 HCI treatments, the in-
tensity of the TF-XRD peak occurring around 20 = 28
degrees and the Raman peak occurring around wave num-
ber = 910 cm™' decreased, indicating that the sodium
hydrogen titanate had transformed into hydrogen titanate
(H2Tiz0,)'"? as a result of the exchange of the sodium and
oxonium ions. .

Figure 4 shows the TF-XRD and FT-Raman profiles of
the alloy samples that were subsequently subjected to a
heat treatment. When the NaOH-treated sample was subse-
quently heat treated, the sodium hydrogen titanate layer
transformed into sodium titanate (Na,TigO;3) accompanied
with anatase and rutile phases. On the other hand, when
the NaOH-, and the water- and 0.5 HCl- or 50 HCl-treated

samples were heat treated, the hydrogen titanate layer was
converted to anatase, accompanied by a small amount of
rutile.

Figure 5 shows the scratch resistance of the surface of
the alloy samples subjected to NaOH, water, 0.5 HCl or 50
HCl, and heat treatments. The scratch resistance of the
NaOH-treated sample was as low as 10 mN, and was not
changed by either a subsequent water or 0.5 HCI or 50 HCI
treatment. However, the scratch resistance increased signifi-
cantly to >90 mN after a subsequent heat treatment.

The zeta potential was not able to be measured for the
alloy samples subjected to the NaOH, and water and 0.5 HCI
or 50 HCl treatments, since their surface was electrically
conducting. Figure 6 shows the zeta potential of alloy sam-
ples subjected to a heat treatment after an NaOH, and sub-
sequent water and 0.5 HCl or 50 HCI treatment. The alloy
samples heat treated after the NaOH treatment showed a
negative zeta potential, around —7 mV, whereas samples of

TABLE 1. Result of XPS Quantitative Analysis of Surface Layer of Ti-15Zr-4Nb-4Ta Alloy Untreated and Subjected to NaOH,

water, 0.5 HCI, or 50 HCI, and Heat Treatments

Element/atm. %

Treatment (0] Ti Na Zr Nb Ta Pd
Untreated 73.7 21.2 0 3.7 0.9 0.6 0
NaOH 69.6 23.9 4.9 1.1 0.4 0.2 0
NaOH-water 72.1 26.0 0 1.0 0.6 0.4 0
NaOH-0.5 HCI 72.0 26.2 0 0.9 0.6 0.4 0
NaOH-50 HCI 72.9 23.8 0 1.6 1.2 0.4 0
NaOH-heat 63.6 22.4 12.3 0.8 0.8 0.2 0
NaOH-water-heat 72.0 25.3 0 1.1 1.2 0.4 0
NaOH-0.5 HCl-heat 72.0 25.8 0 1.0 0.8 0.4 0
NaOH-50 HCl-heat 72.9 22.3 0 2.3 1.9 0.7 0
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FIGURE 3. TF-XRD and FT-Raman profiles of the surfaces of Ti-15Zr4Nb-4Ta- alloy (a) untreated and subjected to (b) NaOH treatment, (c) NaOH and
water treatments, (d) NaOH and 0.5 HCI treatments, and (e) NaOH and 50 HCI treatments. B, o-Titanium; A, sodium hydrogen titanate (Na,H, .

«T1307); O, hydrogen titanate (Na,H, _. ,Tiz0O4).
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FIGURE 4. TF-XRD and FT-Raman profiles of the surfaces of Ti-15Zr-4Nb-4Ta alloy subjected to (a) NaOH and heat treatments, (b) NaOH, water,
and heat treatments, (c) NaOH, 0.5 HCI, and heat treatments, and (d) NaOH, 50 HCI, and heat treatments. W, «-Titanium; A, sodium titanate

(Na,TigO13); ®, Anatase; x, Rutile.
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FIGURE 5. Scratch resistance of NaOH-treated Ti-15Zr-4Nb-4Ta alloy subsequently subjected to water, 0.5 HCI, or 50 HCl, and heat treatments.

the same alloy heat treated after a water and 0.5 HCI or 50
HCI treatment following the NaOH treatment showed a posi-
tive zeta potential, around +3 mV.

Apatite-forming ability in an SBF
Figure 7 shows FE-SEM photographs of the surface of alloy
samples that were soaked in an SBF for 3 d after an NaOH,
and water and 0.5 HCl or 50 HCI treatment, and then a heat
treatment. Spherical precipitates, identified as crystalline ap-
atite from the TF-XRD data, had formed on the surface of
the NaOH-treated sample. However, these apatite particles
disappeared after the subsequent heat treatment. The
NaOH-treated samples subjected to a water and 0.5 HCl or
50 HCl treatment did not show the formation of apatite on
their surface. However, they formed apatite extensively on
their surface when they were subsequently heat treated.
Figure 8 shows the Ca 2s and P 2p XPS profiles meas-
ured from the surfaces of alloy samples soaked in an SBF af-
ter an NaOH and heat or NaOH and 50 HCl and a heat treat-
ment as a function of the soaking time in the SBF. As can be
seen from Figure 8, the alloy samples heat treated after the
NaOH treatment had initially adsorbed calcium ions selec-
tively on their surface, and then phosphate ions, whereas
those samples that were heat treated after the 50 HCl treat-
ment following an NaOH treatment had initially adsorbed
phosphate ions selectively on their surface, followed by cal-
cium ions.

DISCUSSION

It can be seen from Figure 1 that a nanometer scale rough-
ness was produced on the surface of Ti-15-4-4 alloy by the
NaOH treatment, and that this remained, even after subse-
quent HCl and heat treatments, as in the case of pure Ti
metal.?® The nanometer scale roughness had a brush-like
structure consisting of feather-like phases elongated perpen-
dicular to the surface to a thickness of about 500 nm (see
Fig. 2). The feather-like phases consisted of nano-sized so-
dium hydrogen titanate (Na,H;,Tiz07) after the NaOH treat-
ment. The sodium hydrogen titanate was transformed into
sodium titanate (Na,TigO;3) and anatase when the alloy
was immediately subjected to a heat treatment (see Figs. 3
and 4), whereas the sodium hydrogen titanate was trans-
formed into hydrogen titanate (H,Tiz0;) when it was
soaked in water and 0.5 HCl or 50 HCI solution, and then
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transformed into anatase accompanied by a small amount of
rutile after a subsequent heat treatment (see Figs. 3 and 4),
as shown schematically in Figure 9.

The scratch resistance of the surface layer increased
markedly after the heat treatment in both cases. However,
the apatite-forming ability in an SBF of the alloy decreased
after the heat treatment in the former case, whereas it
increased markedly in the latter case. In the case of Ti
metal, an apatite-forming ability of an NaOH-treated metal
is increased after a subsequent heat treatment?’ The
results of the Ti-15-4-4 alloy are in contrast with those of
Ti metal. These differences can be interpreted as follows.
The Ti-15-4-4 alloy forms sodium titanate on its surface
after the NaOH and heat treatments, as in the case of Ti
metal. This sodium titanate is speculated to release sodium
ions into the SBF via exchange with the oxonium ions pres-
ent to form Ti-OH groups on its surface.?”** The Ti-OH
groups formed may be negatively charged because the pH
of the surrounding SBF is increased from the sodium ions
released.?® The Ti-OH groups would tend to combine with
the positively charged calcium ions, and then with the phos-
phate ions to form apatite, as is the case for NaOH- and
heat-treated Ti metal?**? It was confirmed from the zeta
potential data shown in Figure 6 that the Ti-15-4-4 alloy
has a negatively charged surface in an NaCl solution. The
sequential adsorption of the calcium and phosphate ions on
the Ti-15-4-4 alloy in an SBF was confirmed by the XPS
spectra shown in Figure 8.
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FIGURE 6. Zeta potential of NaOH-treated Ti-15Zr-4Nb-4Ta alloy sub-
sequently subjected to water, 0.5 HCI, or 50 HCI, and heat treatments.
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High magnification

FIGURE 7. FE-SEM photographs of the surfaces of Ti-15Zr-4Nb-4Ta alloy that were soaked in SBF for 3 d after NaOH and water, 0.5 HCI, or

50 HCI, and heat treatments.

However, the thickness of the surface layer that was
mainly composed of sodium titanate on the Ti-15-4-4 alloy
was half that formed on Ti metal’® This means that the
amount of sodium ions able to be released from the Ti-15-
4-4 alloy was lower than that from Ti metal. In addition, the
surface layer of the Ti-15-4-4 alloy contained a considerable
amount of alloying elements, such as Zr, Nb, and Ta. These

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | MAY 2011 VOL 97A, ISSUE 2

alloying elements can inhibit the release of sodium ions
from the Ti-15-4-4 alloy. It was confirmed by measuring the
release of sodium ions from the Ti-15-4-4 alloy into water
that the amount and rate of sodium-ion release are low.
Plate samples of the Ti-15-4-4 alloy and pure Ti metal with
dimensions of 10 x 10 x 1 mm?, which were subjected to
NaOH and heat treatments were soaked in 2 mL of
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FIGURE 8. XPS profiles of the surfaces of Ti-15Zr-4Nb-4Ta alloy soaked in SBF after (a) NaOH and heat, or (b) NaOH, 50 HCI, and heat treat-
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FIGURE 9. Schematic illustration of structural changes on the surface of Ti-15Zr-4Nb-4Ta alloy (a) by NaOH (b), and subsequent heat (c) treat-
ments, or water, 0.5 HCI, or 50 HCI {(d) and then heat (e) treatments.
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FIGURE 10. Release of sodium ions from Ti-15Zr-4Nb-4Ta alloy and
Ti metal subjected to NaOH and heat treatments as a function of
square root of soaking time in water, measured by ICP.

ultrapure water at 36.5°C, and the concentration of sodium
ions released was measured using inductively coupled
plasma (ICP, Model SPS3100, Seiko Instruments Inc, Japan)
as a function of soaking time. The results shown in Figure
10 were obtained, and it can be seen that the amount and
rate of release of the sodium ions from the Ti-15-4-4 alloy
were markedly lower than those from pure Ti metal.

In contrast with the case of a heat treatment immedi-
ately after the NaOH treatment, the Ti-15-4-4 alloy showed
a high apatite-forming ability in an SBF when it was heat
treated after a water or HCl treatment following the NaOH
treatment. The high apatite-forming ability of the Ti-15-4-4
alloys subjected to a water or HCI and heat treatment after
the NaOH treatment can be interpreted in terms of the
surface charge. As show in Figure 6, the surfaces of the
Ti-15-4-4 alloy have positive charge after the water or HCI
and heat treatments following the NaOH treatment. When
the alloy has a positive charge on its surface, it combines
selectively with negatively charged phosphate ions. As the
phosphate ions begin to accumulate, its surface becomes
negatively charged and combines with the positively
charged calcium ijons to form apatite. Such a sequential
adsorption was confirmed by the XPS spectra shown in
Figure 8.

The positive surface charge of the alloys subjected to
HCI and heat treatments after the NaOH treatment may be
attributed to the presence of chloride ions adsorbed on the
surface, as in the case of Ti metal.'! These chloride ions are
adsorbed on the surface of the alloy during the HCl treat-
ment after the NaOH treatment. These remain after the sub-
sequent heat treatment and dissociate in the SBF to give an
acidic environment on the surface of the alloy.!' Titanium
oxide is positively charged in an acid environment.?

In the case of Ti metal, the positive surface charge and
the apatite-forming ability are increased with increasing
concentration of the HCI solution,>® because a higher con-
centration of chloride ions can be adsorbed on the surface
in a concentrated HCl solution. However, the alloy treated
with 50 HCI solution showed almost the same zeta potential
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and apatite-forming ability as the sample treated with the
0.5 HCl solution (see Figs. 6 and 7). This is interpreted in
terms of the increased amount of alloying elements, such as
Zr and Nb, after the 50HC! treatment (see Table I). It has
been reported that the typical isoelectric points (IEPs) of
ZrO, and Nb,Os are around 6.5** and 4.1.%° This means that
both zirconium oxide and niobium oxide tend to be negatively
charged at pH =74 in an SBE and hence, the increase in
Zr and Nb content can decrease the surface charge of the
Ti-15-4-4 alloy subjected to a 50 HCI treatment.

On the other hand, the positive surface charge of the
alloy subjected to water and heat treatments after the NaOH
treatment cannot be interpreted in terms of the presence of
chloride ions adsorbed on the alloy. It has been reported
that anatase is the main phase on the surface layer of Ti-15-
4-4 alloys subjected to a water and heat treatment after an
NaOH treatment, and that this is slightly negatively charged
in a neutral aqueous solution because its [EP value is
around 6.%° However, this value changes to within the range
4.0 to 8.3 in the presence of a small amount of impurities,
or changes in the synthesis method.?” As shown in Table I,
the surface layer formed on the alloy after a water and heat
treatment following the NaOH treatment contained some Zr,
Nb, and Ta besides Ti and O. These elements can be incor-
porated into the anatase and give a positive surface charge
in an SBE. It has also been reported that the surface charge
of the anatase changes with crystallographic plane orienta-
tion. The (101) plane has a negative surface charge,?® while
the (001) plane has a positive surface charge.?® Therefore,
the positive surface charge on the alloy subjected to a water
and heat treatment after the NaOH treatment may be inter-
preted in terms of the presence of impurities and/or pre-
ferred orientation of a specific crystallographic plane of the
anatase.

It is apparent from our results and discussion that water
or HCI and a heat treatment after the NaOH treatment forms
a titanium oxide surface layer that has a nanometer scale
roughness and a high apatite-forming ability on a Ti-15-4-4
alloy. Their high apatite-forming ability is attributed to their
positive surface charge. Such treated porous Ti-15-4-4 alloys
are expected to exhibit osteoconductivity as well as osteoin-
ductivity, and hence, will be useful in implants in the ortho-
pedic and dental fields. These biological properties will be
examined by animal experiments in future.

CONCLUSIONS

Water or HCl and heat treatments were applied to Ti-15Zr-
4Nb-4Ta alloys after an NaOH treatment. A nanometer scale
roughness was produced on the surface of the alloys by the
NaOH treatment, and this remained, even after a subsequent
water or HCl and heat treatment. These treatments formed
a titanium oxide layer that was mainly composed of anatase
on the surface of the alloys. This showed a high apatite-
forming ability in an SBF, as well as a high scratch resist-
ance. The high apatite-forming ability was interpreted in
terms of the positive surface charge. In contrast with this,
Ti-15Zr-4Nb-4Ta alloys subjected to a heat treatment with-
out a water or HCl treatment after the NaOH treatment did
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not form apatite in an SBF. This was attributed to slow rate
of release of the sodium ions from the alloy in the SBE It is
expected that such treated Ti-15Zr-4Nb-4Ta alloys subjected to
a water or HCl treatment after an NaOH treatment will form

an

apatite layer on their surface in a living body, and will

tightly bond to living bone through this apatite layer. There-
fore, they will be useful as orthopedic and dental implants.
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Background and purpose  The long-term success of cemented
total hip arthroplasty (THA) has been well established. Improved
outcomes, both radiographically and clinically, have resulted
mainly from advances in stem design and improvements in oper-
ating techniques. However, there is concern about the durability
of bone cement in vivo. We evaluated the physical and chemical
properties of CMW1 bone cements retrieved from patients under-
going revision THA.

Methods CMW1 cements were retrieved from 14 patients
who underwent acetabular revision because of aseptic loosen-
ing. The time in vivo before revision was 7-30 years. The bending
properties of the retrieved bone cement were assessed using the
three-point bending method. The molecular weight and chemi-
cal structure were analyzed by gel permeation chromatography
and Fourier-transform infrared spectroscopy. The porosity of the
bone cements was evaluated by 3-D microcomputer tomography.

Results The bending strength decreased with increasing time
in vivo and depended on the density of the bone cement, which
we assume to be determined by the porosity. There was no cor-
relation between molecular weight and time in vivo, The infrared
spectra were similar in the retrieved cements and in the control
CMWT1 cements.

Interpretation  Our results indicate that polymer chain scission
and significant hydrolysis do not occur in CMW1 cement after
implantation in vivo, even in the long term. CMW1 cement was
stable through long-term implantation and functional loading.

The concept behind Charnley low-friction arthroplasty was
established in the 1960s, and the fundamental principles
have remained unchanged since then. Several clinical stud-
ies have recently reported the long-term success of total hip
arthroplasty (THA). Wroblewski et al. (2009) reported good

results using Charnley low-friction arthroplasty with a follow-
up of 30-40 years. Overall, 90% of hips were free from pain,
and activity was normal in 59% of the patients. Carrington
et al. (2009) reported the results of the Exeter Universal
cementedfemoralcomponentafter15-17 years.Withanend-
point of revision for aseptic loosening, the survivorship at 17
years was 100% for the femoral component and 90% for the
acetabularcomponent.Withallreasonsforreoperationasthe
endpoint, the survivorship was 81%. A variety of cemented
stemsdesignedaccordingtovariousconceptshavebeenused,
and several improvements have been incorporated into the
operating techniques (Madey et al. 1997, Noble et al. 1998,
Scheerlinck and Casteleyn 2006). Although self-curing poly-
methyl methacrylate (PMMA) bone cements have been used
for fixation of the implants for the past 50 years, the composi-
tion of the cements has remained essentially unaltered. The
ultra-long clinical and radiographic success of cemented THA
may depend onthe mechanicaland chemicallongevity ofthe
bone cements in vivo.

Several authors have reported on the in vivo behavior of
PMMAbonecementintheimplantedjoint.Somestudieshave
shown aging of PMMA in vivo. Hughes et al. (2003) showed a
decrease in molecular weight and hydrolysis of PMMA asso-
ciated with long-term implantation. Looney and Park (1986)
reported a reduction in flexural strength but not in compres-
sive strength. Fernandez-Fairen and Vazquez (1983) analyzed
the compressive properties of the retrieved CMW1 cements
andfoundadecreaseinthecompressivemodulusandstrength
afterlong implantation periods. By contrast, Ries et al. (2006)
concluded that the mostimportant factor for the mechanical
properties of bone cementin vivois not the implant duration
butthe porosity. [tremainsunknownwhetherthe mechanical
and chemical properties of bone cement change in vivo, and
howthesechangesaffectthelong-termoutcomeofcemented
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THA.Weinvestigated various properties, includingmolecular
weight, chemical structure, bending properties, density, and
porosity in retrieved bone cements.

Patients and methods

Sample preparation

CMW1 cements were retrieved from 14 patients who
underwent acetabular revision because of aseptic loosen-
ing. The median time in vivo before revision was 15 (7-30)
years. The retrieved samples were rinsed in saline solution
and ethanol, and then stored at room temperature until
they were examined.

Molecular weight analysis

The average molecular weight and the molecular weight
distribution of the retrieved cements were assessed by gel
permeation chromatography (GPC). Molecular weight cali-
bration was established based on polystyrene standards.
Briefly, samples were dissolved in tetrahydrofuran (THF)
to a concentration of 2 mg/mL at room temperature, and
then filtered through 0.45-pm disk filters. Each sample was
injected into a 30-cm long GPC gel column (Shodex, Tokyo,
Japan) with an inner diameter of 8.0 mm, which was packed
with THF with a pore size of 1,000 nm. The injection volume
was 50 pL and the flow rate was 1 mL/min at 40°C. A dif-
ferential refractive index detector (Hitachi L-2000; Hitachi,
Tokyo, Japan) was used to monitor changes in the concen-
tration of the sample. The molecular weight distributions
of the samples relative to polystyrene were found in terms
of the number-averaged molecular weight M, the weight-
averaged molecular weight M, and the polydispersity
index (PDI; M, /M, ratio).

Fourier-transform infrared spectroscopy (FTIR) analysis

Chemical analysis was performed using FTIR. The FTIR
spectra were obtained using a Spectrum BX spectrometer
(PerkinElmer, Waltham, MA). All transmission spectra were
collected with a spectral resolution of 4 cm~! and spectral
range of 4000 to 600 cm™' using KBr pellets. Unimplanted
control CMW1 cement specimens were freshly prepared by
mixing the powder and liquid components by hand accord-
ing to the manufacturer’s instructions. They were then sent
for FTIR analysis within 1 month of preparation.

Bending properties

The retrieved cement specimens were cut and scraped into
rectangular specimens (20 mm x4 mm X 3 mm) using a rota-
tional scraping machine (BUEHLER EcoMet 3000; BUEHLER
Ltd., Lake Bluff, IL) with 1-9 specimens for each sample. The
bending strength and bending modulus of each retrieved
cement specimen and each freshly prepared CMW1 cement
specimen were analyzed using an Instron 5500 instrument

Summary of molecular weights for the retrieved cements

(Instron, Norwood, MA) at 23 + 1°C. The crosshead speed
and the span were 0.5 mm/min and 15 mm, respectively,
when using the 3-point bending method. The values for
the bending modulus were derived from the stress-strain
curves obtained from the bending tests, as described previ-
ously (Shinzato et al. 2002).

Porosity analysis

A microfocus X-ray computed tomography system
(SMX-100CT-SV3; Shimadzu Co., Kyoto, Japan) was used
to acquire microstructural information from the retrieved
cements. The entire set of radiographs was deconvoluted by
computer software to reconstruct a 3-D image of the micro-
structure with a voxel size of 16 um3, The 3-D data were pro-
cessed with commercially available 3-D image-processing
software (VG Studio MAX 2.0; Volume Graphics, Heidelberg,
Germany), and the porosity of the retrieved cements was
calculated from the binary material images. The spatial
boundary between the pores and the cement was estab-
lished easily because of the large differences in density.

Statistics

Data from each test were compared by analysis of vari-
ance (ANOVA) to determine the overall significance of data
trends. For all analyses, p < 0.01 was considered significant.

Results

The M,, of the samples ranged from 170,000 to 220,000 g/
mol (Table). The molecular weight and PDI did not corre-
late with the time in vivo (r =0.013, p=1.0;r=054,p =
0.05, respectively) (Figure 1A and B). Because the molecu-
lar weight of the polymer is proportional to the degree of
polymerization of the monomer unit, this result suggested
that scission of polymer chains did not occur in CMW1
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Figure 1 A. Relationship between implantation period and molecular weight. B. Relationship between implan-
tation- period and PDI. C. Relationship between molecular weight and bending strength. D. Relationship

between molecular weight and bending modulus.

cement in vivo. There was no substantial difference in FTIR
spectra between the CMW1 cements in fresh samples after
they were cured and in samples retrieved 16 and 30 years
afterimplantation (Figure 2). The spectra of methyl methac-
rylate homopolymer showed a distinctive absorbance band
around 1,730 cm™', corresponding to the C=0 stretch of the
ester group (Hughes et al. 2003). This distinctive absorbance
band did not differ between freshly prepared and retrieved
CMW1 cements. These results indicate that no substantial
hydrolysis of the ester group occurred in CMW1 cement in
vivo, even after many years.

Themolecularweightwasnotrelatedtothebendingstrength
or the bending modulus (r = 0.040, p = 0.83; r = 0.046, p =
0.8, respectively) (Figure 1C and D). By contrast, the bending
strength of each cement specimen was reduced with increas-
ing time in vivo, but this was not statistically significant (r =
-0.39, p=0.03) (Figure 3A). In addition, there was no correla-
tionbetweenbendingmodulusandthelengthoftheimplanta-
tion period (r = -0.038, p = 0.8) (Figure 3B).

The density of the specimens was calculated from their
dimension and weight.There was no correlation between the
density of the cements and length of time in vivo (r = -0.20,
p = 0.3) (Figure 4A). Density was found to be strongly cor-
related to bending strength (r = 0.54, p = 0.002) but not to
bending modulus (r = 0.38, p = 0.04) (Figure 4B and C). There
wasnocorrelationbetweenthe porosity ofthespecimensand
the time in vivo (r = 0.27, p = 0.1) (Figure 5A). There was
a strong correlation between the density and the porosity of
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Figure 2. FTIR spectrum of control CMW1 cement (A) and CMW1
cement retrieved 16 years (B) and 30 years (C) after implantation.

the cement (r = -0.67, p < 0.001) (Figure 5B). The poros-
ity correlated with bending strength (r = -0.51, p = 0.004)
(Figure 5C) but not with bending modulus (r=-0.18, p = 0.4)
(Figure 5D). These results indicate that the porosity of the
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bone cement defined theinvivo mechanical propertiesofthe  the cement should remain stable.
retrieved specimens. As the porosity of cement is unlikely to

changesubstantiallyaftercuring,themechanical propertiesof Discussion
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One of the factors that dictate the long-term stability of
cemented stems is the longevity of the cement itself. Fail-
ure of the cemented stem implanted in THAs is induced by
excessive stress in the cement mantle, leading to micro-
movement of the stem and debonding at the cement-stem
interface, along with microcracking in the cement (Gardiner
and Hozack 1994, Ong et al. 2002). This cement damage
finally causes stem loosening, stem subsidence, increased
production of wear particles, and osteolysis. Thus, reten-
tion of the chemical and mechanical properties of the bone
cement in vivo is critical for achievment of long-term suc-
cess in THA.

Although previous studies have used various teststo inves-
tigatetheinvivobehaviorand chemicalandmechanical prop-
erties of bone cements, there is no consensus on the aging of
thecement(Fernandez-FairenandVazquez 1983,Looneyand
Park 1986, Hughes et al. 2003, Ries et al. 2006). The molecu-
lar structure, the dispersity of the contrast medium, or the dis-
tribution of pores introduced during the preparation of bone
cements may affect their mechanical properties, and these
complex factors make interpretation of the data—and com-
parison between studies—difficult.

The mechanical properties of implanted bone cements
dependonthechemistryofthebonecementandonthemixing
method (Lewis 1997). Our study shows that there is no cor-
relationbetweenthemolecularweightofthebonecementand
thetimeinvivo,andthatneitherdegradation ofthemain chain
nor hydrolysis of PMMA occurs in CMW1 cement. We also
foundnorelationshipbetweenmolecularweightandbending
strength or bending modulus. Our results contrast with those
of Hughes et al. (2003), who found a decrease in molecular
weight and chemical degradation in retrieved Simplex P and
Palacos R cements that had aged up to 23 yearsin vivo. CMW1
powdercomprisesonly methylmethacrylate, whereasPalacos
R powder contains methylacrylate, which is polar and hydro-
philic. Simplex P contains hydrophobic styrene comonomer,
which has no polarity. In vivo degradation of bone cements is
related to particular combinations of localized acidic pH, free
radical oxidation induced by superoxidizing substances, and
hydrolyzingenzymes.Onepossibleexplanationoftheseresults
(Hughes et al. 2003) that the differences in chemical proper-
ties of bone cements confer different sensitivities to biological
processesthatinducedegradation.Thecementsretrievedfrom
total knee arthroplasties after similar in vivo aging times to
those fromTHAs showed little change in their structural prop-
erties,suggestingthatinvivodegradationofthebonecements
isrelated tothebiologicalresponsetotheimplantandthelocal
environment of the joint (Hughes et al. 2003). These lines of
evidencestronglysuggestthatthedegradationofbonecements
invivodependspartlyontheenvironmentofimplantationand
partly on the composition of bone cements. In addition, the
FTIR spectra showed an increase in the large band at 3,500
cm-1,attributable to OH stretching in water, in some retrieved
specimens. Water is a plasticizer for methacrylate, and could

therefore reduce the mechanical properties of bone cement.
This should be clarified by further studies.

Although Dall et al. (2007) reported that inter-batch and
intra-batch variability was seen in the viscosity of all brands
of bone cement, the strong relationship between bending
strength and density or porosity shows that the mechani-
cal properties of bone cements depend on their density or
porosity (Weinstein et al. 1976, Wang et al. 1993, Chaplin
et al. 2006). Our study and studies of others have shown
significant correlations between density and porosity. High
porosity contributes to microcracks in the bone cement,
which lead to release of PMMA particles and induce aseptic
loosening and osteolysis (James et al. 1992, Graham et al.
2003, Hoey et al. 2009). In addition, cracks and voids could
bealsogenerated by micromovementbetween cementand
prosthesis/bone or by wear, and may affect the mechanical
properties. Thus, the porosity of bone cement is a critical
factorin determining the mechanical properties of the bone
cement in vivo. The porosity of bone cement is determined
by the method used to prepare and apply it. In the modern
cementingtechnique,vacuummixingreducestheporosityof
bonecementandimprovesitsfatigueresistance (Jamesetal.
1992, Wang et al. 1993). Graham et al. (2000) reported that
the internal porosity of bone cement is greatly reduced by
vacuummixing,whereasahigherporosityintroducedduring
thehand-mixingprocesscausedallhand-mixedspecimensto
haveinferiorfractureandfatigueresistancetotheirvacuum-
mixing counterparts. Moreover, elevated pressure during
curing helps reduce the porosity of the bone cement; thus,
high-pressure insertion of implants substantially improves
the mechanical properties of the bone cement (Bayne et al.
1975, Apostolou et al. 2007). Taken together, this evidence
shows that the mechanical properties of implanted bone
cementdependontheoperating techniquesratherthanthe
period of implantation.

Ries et al. (2006) investigated the variables fracture tough-
ness, porosity, molecular weight, and time in vivo of the bone
cement,andconcludedthatporosityandfracturetoughnessare
significantlyandinverselyrelated. Allbone cementsretrieved
intheacetabularreconstructioninourstudywerehand-mixed
and were applied to the acetabulum without use of a cement
pressurizer.One possible reason that the porosity increasesin
relationtothetimeinvivois that cement pressurizationinthe
implantationoftheacetabularcomponenthasbeenimproved
by the development of operation instruments, including the
component holderand component pusher, which reduce the
initial porosity of the bone cement. These lines of evidence
alsosuggestthatthemechanical propertiesofbonecementin
vivo are strongly affected by the cementing techniques.

In conclusion, we found that the properties of bone cement
were determined by the porosity of the cement but were not
affected by the length of the period of implantation. The
chemical structure of CMW1 cement was stable in vivo even
after more than 20 years.

— 151 —



Acta Orthop Downloaded from informahealthcare.com by Kyoto University on 02/05/12

For personal use only.

558

Acta Orthopaedica 2011; 82 (5): 553-558

HOperformedtheexperimentsand participatedinwriting ofthemanuscript.
HA coordinated the study, participated in design of the protocol, performed
the experiments, analyzed the data, and participated in writing of the manu-
script. MT analyzed the data and participated in writing of the manuscript.
TK performed the experiments and analyzed the data. KY analyzed the data.
TY participated in design of the protocol. HO participated in design of the
protocol and prepared the samples. TN obtained funding and participated in
design of the protocol.

No competing interests declared.

Apostolou C D, Yiannakopoulos C K, loannidis T T, Papagelopoulos P J,
Korres D. Mechanical stability of total hip replacement using pressuriza-
tionofbonecementduringcuring:push-outtestsincadaverfemora.Ortho-
pedics 2007; 30 (12): 1028-32.

Bayne S C, Lautenschlager E P, Compere C L, Wildes R. Degree of polym-
erization of acrylic bone cement. J Biomed Mater Res 1975; 9 (1): 27-34.

Carrington N C, Sierra R J, Gie G A, Hubble M J, Timperley A J, Howell J
R. The Exeter Universal cemented femoral component at 15 to 17 years:
an update on the first 325 hips. J Bone Joint Surg (Br) 2009; 91 (6): 730-7.

Chaplin R P, Lee A J, Hooper R M, Clarke M. The mechanical properties of
recovered PMMA bone cement: a preliminary study. J Mater Sci Mater
Med 2006; 17 (12): 1433-48

Dall G F, Simpson P M, Mackenzie S P, Breusch S J. Inter- and intra-batch
variability in the handling characteristics and viscosity of commonly used
antibiotic-loaded bone cements. Acta Orthop 2007; 78 (3): 412-20

Fernandez-Fairen M,VazquezJ J.Theaging of polymethyl methacrylate bone
cement. Acta Orthop Belg 1983; 49 (4): 512-20.

Gardiner R C, Hozack W J. Failure of the cement-bone interface. A conse-
quenceofstrengtheningthecement-prosthesisinterface?JBoneJointSurg
(Br) 1994; 76(1): 49-52.

Graham J, Pruitt L, Ries M, Gundiah N. Fracture and fatigue properties of
acrylicbone cement:the effects of mixing method, sterilization treatment,
and molecular weight. J Arthroplasty 2000; 15 (8): 1028-35.

Graham J, Ries M, Pruitt L. Effect of bone porosity on the mechanical integ-
rity of the bone-cement interface. J Bone Joint Surg (Am) 2003; 85 (10):
1901-8.

Hoey D, Taylor D. Quantitative analysis of the effect of porosity on the fatigue
strength of bone cement. Acta Biomater 2009; 5 (2): 719-26

Hughes K F, Ries M D, Pruitt L A. Structural degradation of acrylic bone
cements due to in vivo and simulated aging. J Biomed Mater Res A 2003;
65 (2): 126-35.

James S P, Jasty M, Davies J, Piehler H, Harris W H. A fractographic investi-
gationof PMMAbonecementfocusingontherelationshipbetweenporos-
ity reduction and increased fatigue life. J Biomed Mater Res 1992; 26 (5):
651-62.

Lewis G. Properties of acrylic bone cement: state of the art review. J Biomed
Mater Res 1997; 38 (2): 155-82.

Looney M A, Park J B. Molecular and mechanical property changes during
aging of bone cement in vitro and in vivo. J Biomed Mater Res 1986; 20
(5): 555-63.

Madey S M, Callaghan J J, Olejniczak J P, Goetz D D, Johnston R C. Charn-
ley total hip arthroplasty with use of improved techniques of cementing.
The results after a minimum of fifteen years of follow-up. J Bone Joint Surg
(Am) 1997; 79 (1): 53-64.

Noble P C, Collier M B, Maltry J A, Kamaric E, Tullos H S. Pressuriza-
tion and centralization enhance the quality and reproducibility of cement
mantles. Clin Orthop 1998; (355): 77-89.

Ong A, Wong K L, Lai M, Garino J P, Steinberg M E. Early failure of pre-
coated femoral componentsin primary total hip arthroplasty.  Bone Joint
Surg (Am) 2002; 84 (5): 786-92.

Ries M D, Young E, Al-Marashi L, Goldstein P, Hetherington A, Petrie T,
Pruitt L. In vivo behavior of acrylic bone cement in total hip arthroplasty.
Biomaterials 2006; 27 (2): 256-61.

Scheerlinck T, Casteleyn P P. The design features of cemented femoral hip
implants. J Bone Joint Surg (Br) 2006; 88 (11): 1409-18.

Shinzato S, Nakamura T, Ando K, Kokubo T, Kitamura Y. Mechanical proper-
ties and osteoconductivity of new bioactive composites consisting of par-
tially crystallized glass beads and poly(methyl methacrylate). J Biomed
Mater Res 2002; 60 (4): 556-63

Wang J S, Franzen H, Jonsson E, Lidgren L. Porosity of bone cement reduced
by mixing and collecting under vacuum. Acta Orthop Scand 1993; 64 (2):
143-6.

Weinstein A M, Bingham D N, Sauer B W, Lunceford E M. The effect of high
pressureinsertionandantibioticinclusionsuponthemechanicalproperties
of polymethylmethacrylate. Clin Orthop 1976; (121): 67-73.

Wroblewski B M, Siney P D, Fleming P A. Charnley low-frictional torque

arthroplasty: follow-up for 30 to 40 years. J Bone Joint Surg (Br) 2009;
91 (4): 447-50.

— 152 —



J Orthop Sci (2011) 16:26-37
DOI 10.1007/s00776-010-0007-1

A novel technique for impaction bone grafting in acetabular
reconstruction of revision total hip arthroplasty using an ex vivo

compaction device

Haruhiko Akiyama - Takkan Morishima - Mitsuru Takemoto * Koji Yamamoto -
Hiromi Otsuka - Toshiki Iwase - Tamon Kabata - Tsunemitsu Soeda -

Keiichi Kawanabe - Keiji Sato + Takashi Nakamura

Received: 19 May 2010/ Accepted: 7 September 2010/ Published online: 22 January 2011

© The Japanese Orthopaedic Association 2011

Abstract

Background Impaction bone grafting allows restoration
of the acetabular bone stock in revision hip arthroplasty.
The success of this technique depends largely on achieving
adequate initial stability of the component. To obtain well-
compacted, well-graded allograft aggregates, we developed
an ex vivo compaction device to apply it in revision total
hip arthroplasty on the acetabular side, and characterized
mechanical properties and putative osteoconductivity of
allograft aggregates.
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Methods Morselized allograft bone chips were com-
pacted ex vivo using the creep technique and subsequent
impaction technique to form the bone aggregates. Impac-
tion allograft reconstruction of the acetabulum using an ex
vivo compaction device was performed on eight hips. The
mechanical properties and three-dimensional micro-CT-
based structural characteristics of the bone aggregates were
investigated.

Results In clinical practice, this technique offered good
reproducibility in reconstructing the cavity and the seg-
mental defects of the acetabulum, with no migration and no
loosening of the component. In vitro analysis showed that
the aggregates generated from 25 g fresh-frozen bone chips
gained compression stiffness of 13.5-15.4 MPa under uni-
axial consolidation strain. The recoil of the aggregates after
compaction was 2.6-3.9%. The compression stiffness and
the recoil did not differ significantly from those measured
using a variety of proportions of large- and small-sized bone
chips. Micro-CT-based structural analysis revealed average
pore sizes of 268-299 um and average throat diameter of
pores in the bone aggregates of more than 100 um. These
sizes are desirable for osteoconduction, although large
interconnected pores of more than 500 um were detectable
in association with the proportion of large-sized bone chips.
Cement penetration into the aggregates was related to the
proportion of large-sized bone chips.

Conclusion This study introduces the value of an ex vivo
compaction device in bone graft compaction in clinical
applications. In vitro analysis provided evidence that
compaction of sequential layers of well-compacted, well-
graded bone aggregates, i.e., the aggregates comprising
smaller sized chips at the host bone side and larger sized
chips at the component side, may have the advantages of
initial stability of the acetabular component and biological
response of the grafted aggregates.
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