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Abstract

Solidification of hydroxyapatite (HA:Ca,o(PO,)s(OH),) and its bonding with titanium (Ti) was achieved simultaneously by using
the hydrothermal hot-pressing method at temperatures as low as 150 °C with no special surface treatment of Ti. A mixture of cal-
cium hydrogen phosphate dihydrate and calcium hydroxide was used as the starting powder material for solidifying HA. Three-
point bending tests were conducted to obtain an estimate of the fracture toughness for the HA/TI interface as well as for the
HA ceramics only. The fracture toughness tests showed that the induced crack from the pre-crack tip deviated from the HA/T inter-
face and propagated into the HA. The fracture toughness determined on the bonded HA/T] specimen was close to that of the HA
ceramics only (~0.30 MPam'?).
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Titanium; Hydroxyapatite; Hydrothermal; Bonding; Toughness

1. Introduction

Titanium (T1) and its alloys are widely used as ortho-
pedic and dental implant materials because of their high
mechanical strength, low modulus and good corrosion
resistance [1). Traditionally, Ti and its alloys have been
reported to be biocinert. When embedded in the human
body, a fibrous tissue encapsulates the implant isolating
it from the surrounding bone forms.

Some bioactive ceramics such as HA, bioglass and
glass ceramics can directly bond to living bone when
used as bone replacement materials [2-4]. In the tradi-
ttonal method for solidifying HA, HA powder is sin-
tered at high temperatures over 1000°C {3]. The
mechanical properties of bulk HA only allow applica-
tions for small non-loaded structures [6]. The possibility

* Corresponding author. Tel.: +81 222 177 524; fax: +81 222 174
311,
E-mail address: onoki@rift.mech.tohoku.ac.jp (T. Onoki).

of depositing it in films has permitted the exploitation of
its bioactive properties in structural prostheses such as
teeth roots, and in hip, knee and shoulder joint replace-
ment. Therefore, HA is also used as a coating material
for the surfaces of such prostheses in order to prepare
bioactive layers on titanium and its alloys [7]. The HA
surface improves the fixation of implants by the growth
of bone into the coating, forming a mechanical inter-
lock. A plasma spraying technique has been frequently
employed for the coating process of HA [8,9]. However,
this high temperature method results in some significant
problems, such as poor coating-substrate adherence
[10], and lack of uniformity of the coating in terms of
morphology and crystallinity [11,12], which affect the
long-term performance and the lifetime of the implants.
In spite of various investigations being carried out, the
coatings produced can suffer from at least one of the fol-
lowing problems: lack of coating adherence to the sub-
strate, poor structural integrity and non-stoichiometric
composition [13].

1359-6462/$ - see front matter © 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Recently, it has been reported that surface modifica-
tions for forming bonelike apatite can induce high bio-
activity of bioinert materials in simulated body fluid
(SBF) [14]. In our previous research, therefore, the
bonding of HA ceramics and Ti alloys (Ti-15Mo-5Zr-
3Al and Ti-6Al-2Nb-1Ta) was achieved by the hydro-
thermal hot-pressing (HHP) method through the surface
modification of Ti alloys with NaOH solution {15].

The HHP method is a processing route which makes
production a ceramic body at relatively low tempera-
tures possible {16). The compression of samples under
hydrothermal conditions accelerates densification of
inorganic materials. It is known that the water of crys-
tallization in calcium hydrogen phosphate dihydrate
(CaHPO, - 2H,0; DCPD) is slowly lost below 100 °C
[17]. If the released water can be utilized as a reaction
solvent during the HHP treatment, it is to be expected
that the joining of HA to metal can be achieved simulta-
neously under hydrothermal condition, in addition to
the synthesis and solidification of HA through chemical
reaction as follows [18]:

6CaHPO, - 21,0 +4Ca(OH),
— Cayg (PO4)5(0H)2 + 18H,0O (l)

In the above mentioned previous study [15), however,
the successful bonding to HA ceramics required the sur-
face modification of Ti alloys using NaOH solution. The
surface of Ti alloys needed to be treated with the NaOH
solution before the bonding to HA ceramics. This paper
demonstrates that bonding HA ceramics and pure Ti
can be achieved by using the HHP method without spe-
cial surface meodifications of Ti.

2. Experimental procedure

A commercially available pure Ti rod (99.5%; Nilaco,
Japan), 20 mm in diameter, was used in this experiment.
The Ti rod was cut into disks with a thickness of 10 mm.
The disks were cleaned in deionized water and acetone
by using an ultrasonic cleaner, The Ti surfaces were fin-
ished using 1500# emery paper. After the surface finish
with emery paper, the titanium disks were washed again
with deionized water, and then dried in air.

DCPD used as the starting powder was prepared by
mixing 1.0M calcium nitrate solution (99.0%; Ca-
(NO3); - 4H,0, Kanto Chemical, Japan) and 1.0M
diammonium hydrogen phosphate solution (98.5%;
(NH,);HPO,; Kanto Chemical, Japan). The mixing
was carried out at a room temperature (at =20 °C). In
order to control the pH value, acetic acid and ammonia
solution were added. The precipitate from the mixture
was filtered and washed with deionized water and ace-
tone. The washed filter cake was oven-dried at 50 °C
for 24 h, and then the dried cake was ground to a
powder.

The synthetic DCPD and calcium hydroxide (95.0%;
Ca(OH),; Kanto Chemical, Japan) were mixed in a mor-
tar for 90 min with a Ca/P ratio of 1.67. The powder
mixture and Ti disks were placed into the middle of an
autoclave simultaneously, as shown in Fig. 1. The steel
autoclave has pistons within a cylindrical structure with
an inside diameter of 20 mm. The pistons enable the
hydrothermal solution squeezed from the sample to es-
cape, and this regulates the appropriate hydrothermal
conditions in the sample. Polytetrafluoroethylene
(PTFE) is packed between a cast rod and a push rod.
The PTFE was used to prevent leakage of the hydro-
thermal solutions.

A pressure of 40 MPa was initially applied to the
sample through the push rods from the top and the bot-
tom at room temperature. After the initial loading the
autoclave was heated upto 150°C at a heating rate of
10 °C/min, and then the temperature was kept constant
for 2h. The autoclave was heated with a sheath-type
heater. The axial pressure was kept at 40 MPa during
the HHP treatment. After the treatment, the autoclave
was naturally cooled to room temperature, and the sam-
ple removed from the autoclave,

The shrinkage behavior of the sample during the
HHP treatment was monitored by measuring the rela-
tive movement between the two pistons using a dis-
placement gage. The displacement data were used to
determine the volume ratio ¥ of the sample, defined as
follows:

V = (ki — Ah)/k; x 100 )

where #; is the initial sample height, and Ak is the rela-
tive displacement during the heating process.
Three-point bending tests were conducted to obtain
an estimate of the fracture toughness for the HA/Ti
interface as well as for the HA ceramics made by the

Die - O Thermocouple
Heat G O
it O B O DCPD+Ca(OH),
e
Cast rod O r ‘ = Space for
& (O water retreat
a 0
-
Push rod ——— PTFE .
ﬁ_ grand packing

Fig. 1. Schematic illustration of the autoclave for hydrothermal hot-
pressing (HHP).
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Fig. 2. Schematic illustration of the 3-point bending test.

HIP method. Core-based specimens were used for the
fracture toughness tests following the ISRM suggested
method [19]. The configuration of the core-based speci-
men is schematically shown in Fig. 2. In order to mea-
sure the interface toughness, stainless steel-rods were
glued to the HA/Ti body and solidified HA body using
epoxy resin in order to prepare standard core specimens
specified in the ISRM suggested method. A pre-crack
was introduced in the HA/Ti interface, as shown in
Fig. 2. The depth and the width of the pre-crack were
5mm and 50 um, respectively. In order to determine
the fracture toughness of the HA only, HA specimens
were sandwiched and glued with stainless steel-rods. In
this type of specimen, a pre-crack was introduced in
the center of the HA ceramic.

The specimens were loaded at a cross-head speed of
| mmy/min until a fast fracture took place. The stress
intensity factor K was employed to obtain an estimate
of the fracture property of the HA/Ti interface and the
HA ceramics, using the following equation:

K =0.25(S/D)- Y. - (F/D"%) (3)

where D is the diameter of the specimen (20 mm), S
(=3.33D) is the supporting span, F is the load, Y is
the dimensionless stress intensity factor. The value of
Y’ can be found in the literature [19]. The critical stress
intensity K, was computed from the peak load at the
onset of the fast fracture.

It should be mentioned here that the formula given in
Eq. (3) is derived under the assumption of isotropic and
homogeneous materials. The HA/Ti bonded specimen
used in this study consists of two or three kinds of mate-
rials. While an exact anisotropic solution is needed for
the quantitative evaluation of the stress intensity factor,
the isotropic solution in Eq. (3) is used to obtain an esti-
mate of the fracture toughness for the HA and HA/Ti
specimens.

3. Results and discussion

A typical example of temperature and pressure re-
cords is shown in Fig. 3, along with volume ratio data.
It is seen that the shrinkage started at approximately

T T T T y — 105 =50
150 pessesssmmvaweoroocacesscsssscnscsomone - 1
H Temperature | 4100 4
s | )

9 125 .‘. dos ‘5.: {45
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1] 40 BO 120 160
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Fig. 3. Time variation of temperature, pressure and volume ratio
during hydrothermal hot-pressing treatment.

90 °C. This temperature is close to the dehydration tem-
perature of DCPD. Thus, it is thought that the shrink-
age is initiated by the dehydration of DCPD. The
shrinkage rate became larger with increasing tempera-
ture, and then the shrinkage rate became smaller. The
shrinkage continued during the HHP treatment. The
pressure was held at 40 MPa constant for the whole per-
iod of HHP treatment. As seen in Fig. 4, X-ray diffrac-
tion analysis showed that the DCPD and Ca(OH);
powder materials were completely transformed into
HA by the HHP treatment. As demonstrated in Fig. 5,
the HA ceramics could be bonded to the Ti disks at a
low temperature of 150 °C using the above-mentioned
HHP treatment. The density of the HA ceramics pre-
pared by the HHP in this study was 1.9 Mgm™3. In addi-
tion to the DCPD powder, three different types of
powders were used as a starting material: HA and -
tri calcium phosphate (B-TCP). No bonding with a Ti
disk was observed, when the above starting powders
were used and treated by the HHP under the conditions
of 150 °C and 40 MPa. Thus, DCPD was the only start-
ing material that produced HA/Ti bonded bodies among
the precursors for HA used in this study.
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Fig. 4. X-ray diffraction pattern of the HA ceramics,
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HA

Ti

Fig. 5. Photograph of the bonded body of HA and Ti.

I
Pre—crack

Fig. 6. Photograph of the fracture surface in 2 HAJ/Ti specimen after
the 3-point bending test. Note that the crack propagated into the HA.,

Fig. 6 shows a photograph of the fracture surface in
the bonded HA/Ti body after the 3-point bending test.
It can be noted that the crack initiated from the pre-
crack tip and did not propagate along the HA/Ti inter-
face, but into the HA. This observation suggests that the
fracture toughness of the HA/TI interface is close to or
higher than that of the HA ceramics only. The critical
stress intensity factor K, was 0.30 MPam'? for the
HA ceramics, and 0.25 MPam'? for the bonded HA/
Ti. The toughness data are the average values obtained
from at least five specimens. The X, value for the
bonded HA/Ti body gives a slightly lower value than
that of the HA ceramics only. The difference in X data
is potentially due to the residual stress induced by the
thermal expansion mismatch between HA and Ti. The
K. value achieved for the pure Ti was close to the highest
value obtained for the Ti alloys in our research [15]. The
fracture appearance in Fig. 6 may suggest that the inter-
face toughness should be equal to or higher than that of
the HA ceramics only, While further development is
needed to improve the fracture properties of the solidi-

fied HA, the HHP treatment may have the advantage
over the plasma-spraying technique in the preparation
of thermodynamically stable HA without decomposi-
tion. The above results demonstrate the usefulness of
the HHP method for bonding HA and Ti in order to
produce a bioactive layer in biomaterials.

4. Summary

In this paper, it was demonstrated that HA could be
bonded to Ti using a hydrothermal hot-pressing method
at a temperature as low as 150 °C with no special surface
treatment of Ti. The fracture toughness tests conducted
on the bonded HA/Ti body revealed that the crack prop-
agation from the pre-crack tip did not occurre along the
interface, but into the HA ceramics. The fracture tough-
ness of the HA/Ti interface was also suggested to be
close to or higher than that of the HA ceramics. Inves-
tigation of the bonding mechanism and in vivo tests of
the HA/Ti bonded bodies are in progress.
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Abstract

We developed a calcium phosphate cement that could be molded into any desired shape due to its chewing-gum-like consistency
after mixing. The powder component of the cement consists of a-tricalcium phosphate and tetracalcium phosphate, which were
made by decomposition of hydroxyapatite ceramic blocks. The liquid component consists of citric acid, chitosan and glucose
solution. In this study, we used 20% citric acid (group 20) and 45% citric acid {group 45). The mechanical properties and
biocompatibility of this new cement were investigated. The setting times of cements were 5.5min, in group 20 and 6.4 min, in group
45. When incubated in physiological saline, the cements were transformed to hydroxyapatite at 3, and 6 weeks, the compressive
strengths were 15.6 and 20.7 MPa, in group 45 and group 20, respectively. The inflammatory response around the cement implanted
on the bone and in the subcutaneous tissue in rats was more prominent in group 45 than in group 20 at 1 week after surgery. After 4
weeks, the inflammation disappeared and the cement had bound to bone in both groups. These results indicate that this new calcium
phosphate cement is a suitable bone substitute material and that the concentration of citric acid in the liquid component affects its

mechanical properties and biocompatibility. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Calcium phosphate cement; Chitosan; Citric acid; Bone substitute material; Biocompatibility

1. Introduction

Hydroxyapatite (HAP) has been studied as a possible
substitute material for hard tissue due to its high
biocompatibility and osteoconductivity, and it has been
used clinically as artificial bone and for dental implants
[1,2). However, the clinical use of HAP as a bone
substitute has proved problematic. For example, it is
difficult to prevent the dispersion of HAP granules and
mold the granules into the desired shape [3]. On the
other, when HAP is used in a block form, necrosis and
perforation of the mucosa covering the blocks have been
reported {4]. Efforts have been made in recent years to
overcome these problems. Monma and Kanazawa
reported that the hydration of e-tricalcium phosphate
{(«-TCP) occurred below 100°C in water and that the

*Corresponding author. Tel.: +81-11-706-4270; fax: +81-11-706-
4903.
E-mail address: yokoyama@den.hokudai.ac.jp (A. Yokoyama).

products were calcium-deficient HAP [5]. Brown and
Chow reported on a calcium phosphate cement that
consisted of tetracalcium phosphate (TeCP) and dical-
cium phosphate dihydrate (DCPD) or dicalcium phos-
phate anhydrous (DCPA) [6]. It demonstrated good
osteoconductivity [7,8] because it was finally trans-
formed into HAP. Several studies have been performed
on calcium phosphate cements [9-13]. Sumita a former
colleague of ours, reported a self-hardening HAP that
consisted of 2-TCP and TeCP as the powder compenent
and citric acid, chitosan and glucose solution as the
liquid component. After mixing the powder and liquid
components together, it showed chewing-gum-like con-
sistency, and could be molded into the desired shape
[14,15). Mori reported that a prominent inflammatory
response was seen around the material implanted in
subcutaneous tissue in rats at 1 week after surgery [16].
We speculated that acid could cause the inflammatory
response, The aim of the present study was to investigate
the effect of the concentration of citric acid on the

0142-9612/02/5 - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PI:S0142-9612(01)00221-6



1092 A. Yokoyama et al. | Biomaterials 23 (2002} 1081-1101

mechanical properties and biocompatibility, and devel-
op a new calcium phosphate cement with improved
mechanical properties and biocompatibility as a bone
substitute.

2. Materials and methods
2.1I. Materials

The cement developed in this study consisted of both
powder and liquid components. The powder component
was a mixture of «-TCP and TeCP at a molecular ratio
of 2:1. The powder component was made by decom-
position of a block of HAP (Apaceram®, Asahi Optical
Co. Ltd, Tokyo, Japan) for [ hour at a temperature of
1200°C and a reduced pressure (1072-107?Pa). The
molar Ca/P ratio of HAP (Apaceram®) used in this
study was 1.67. This reaction was according to the
following equation:

Cayo(PO4)s(OH), - 2Ca;3(POy), + Cag(PO4),0 + H,0.

The resulting mixture was uniform in composition.
Details of the powder component were reported by
Sumita [15]. XRD patterns of Apaceram® (before
decomposition) and the powder components are shown
in Fig. 1. The liquid component was a solution of citric
acid, chitosan (98% deacetylated) and glucose. In this
study, two types of liquid components were used to
investigate the effects of the concentration of citric acid
on the mechanical properties and biocompatibility. One
solution {group 45) contained citric acid (45% wt),
glucose (15%) and chitosan (1%). The other solution
(group 20) contained citric acid (20%), glucose (6.7%)
and chitosan {1%). The powder/liquid ratio was 2.0
(wtfwt).

2.2, Serting times of the cements
Setting times of the cements were measured according

to the international standard ISO 9917 for dental silico-
phosphate cement (r = 5).

Intensity

20

Fig. 1. X-ray diffraction patterns. (a} Apacc:ramR (before decomposi-
tion) and (b) powder component.

2.3. Observation by SEM

After setting, the cements were observed under a
scanning electron microscope (S-4000, Hitachi Co.,
Tokyo, Japan).

2.4. Mechanical strength

2.4.1. Compressive strength in an atmosphere of 100%
humidity > |

Samples of each of the two types of cement were
molded into columns (5.0mm in diameter and 10.0 mm
in length). The compressive strengths of the columns
were measured using an Auto Graph (DSS 5000,
Shimadzu, Tokyo, Japan) at a crosshead speed of
0.5mm/min. Measurements were made at 1, 3, 5 and
10 days in an atmosphere at 37°C and 100% humidity
(n=235).

2.4.2. Compressive strength when incubated in
physiological saline

Samples of each of the two types of cement were
molded into columns (5.0mm in diameter and 10.0 mm
in length). After setting, the columns were immediately
placed into physiological saline (100 ml) and incubated
at 37°C. Compressive strengths were measured at 1, 3, 5
and 10 days and 3 and 6 weeks after incubation (n = 5).
Physiological saline was changed every day.

2.5. Effects of glucose on the setting time and mechanical
strength

Setting times and compressive strengths of the
cements which contain glucose at various concentrations
were measured to investigate the effects of glucose.
Setting time was measured according to the I1SO 9917,
Compressive strengths were measured at 5 days after
incubation. Physiological saline was not changed.

2.6. pH changes

Samples (A mixture of 2g of powder and 1g of
liquid compoenent) of each of the two types of cement
were molded into columns that were then placed in
physiological saline (50ml) after setting. The pH
values of physiological saline in which the samples
were incubated at 37°C were measured at 5, 10, 20,
30, 60 and 120min, at 1, 3, 5 and 10 days, and 2, 3, 4
and 6 weeks (n == 3). Physiological saline was changed
every day.

2.7. Concentrations of Ca and P ions
Columns (5.0 mm in diameter and 10.0mm in length)

made from each of the two types of cement were
incubated in physiological saline (100ml) at 37°C. The
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concentrations of Ca and P ions were measured at 1, 3,5
and 10 days, and at 2, 3, 4 and 6 weeks after incubation.
Concentrations of Ca and P ions were measured by
emission spectro chemical analysis (ICPS-7500, Shima-
zu, Tokyo, Japan) (n = 3). Physiological saline was
changed every day.

2.8. X-ray diffraction

The samples of the cements incubated in physio-
logical saline for 1, 3, 5, 10 days, and for 2, 3, 4 and 6
weeks and the cements implanted in the subcutaneous
tissue of rats for 2 and 4 weeks were analyzed by X-ray
diffraction (PW1700, Philips Analytical X-ray B.V,,
Almelo, Netherlands). The intensitics of some peaks,
29.8° (26) for TeCP, 30.8° (26) for «-TCP and 25.9°
(20) for HAP were recorded and the amounts of
transformation of the components of the cements into
HAP on the cements incubated in physiological saline
were estimated. The transformation rate was calculated
by the following equation, modified from the report of
Fukase et al. [17].

Transformation rate (%) = 1/2[(PHAP(,)/PHAP(QO))
+2/3(1 = Pucewy/ Patcro)
+ 1/3(1 = Precpin/ Precrop] ¥ 100,

where P,.1cpy and Precpoy are the intensities of the
peaks of o«-TCP and TeCP in the original powder
components, respectively, and Pyap(o) is the intensity of
the peaks of HAP in the cements at the point when the
peaks TeCP and 2-TCP were not detected (at 3 weeks in
group 45 and 6 weeks in group 20 after incubation).
Phapyy, Patep and Precpqy are the intensities of peaks
of HAP, o-TCP and TeCP, in the cement harvested at
time ¢ after incubation. Physiological saline was changed
every day.

2.9. Biocompatibility

Eighteen é-week old male Wistar rats were used in
this study. The samples of the two types of cement
were molded into pellets (4.5mm in diameter and
1.5mm in thickness). After hardening, the pellets
were immediately implanted between the periosteum
and parietal bone, and in the subcutanenous tissue
of the thoractic region of rats. Rats were sacrificed at
1, 2 and 4 weeks after surgery and the tissue blocks
containing the pellets were fixed in 10% neutral
formalin, decalcified, and embedded in paraffin.
Hematoxylin and eosin-stained specimens were ob-
served by light microscopy. Animal experiments were
done following the “Guide for the care and use of
laboratory animals, School of Dentistry, Hokkaido
University”,

3. Results
3.1. Setting time

After mixing the powder and liquid components
together, both types of cement (groups 20 and 45) had
a “chewing-gum-like™ consistency (Fig. 2) that could be
molded into the desired shape. Setting times were
5.54+0.15min in group 20 and 6.40 £ (.20 min in group
45 (n = 95).

3.2. Observation of SEM

As shown in Fig. 3a, SEM revealed the presence of
numerous fine grains covering the surfaces of global
structures approximately 10 pm in diameter in a sample
from group 20. A sample from group 45 (Fig. 3b)
showed global structures approximately 20um in a
diameter on a smooth, platelike matrix.

3.3. Mechanical strength

Figs. 4 and 5 show the compressive strengths of the
samples in an atmosphere of 100% humidity and in
physiological saline, respectively. The compressive
strength of samples from group 45 was significantly
higher than that from group 20 at 100% humidity.
However, while compressive strength constantly in-
creased with time at 100% humidity in both groups,
samples incubated in physiological saline showed an
initial decrease in compressive strength at 3 days after
incubation in group 20. Thereafter, the compressive
strength increased with time. Whereas, the compressive
strength of samples from group 45 was higher than that
from group 20 during the initial 10 days in physiological
saline, that of samples from group 20 at 6 weeks after

Fig. 2. The material showed chewing-gum-like consistency after
mixing.
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Fig. 3. Images of SEM: (a) group 20; and (b) group 45.
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Fig. 4. Compressive strength in an atmosphere of 100% humidity.
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Fig. 5. Compressive strength when incubated in physiological saline.

incubation, which were transformed to HAP comple-
tely, was higher than that of samples from group 45 at 3
weeks after incubation, which were transformed to HAP
completely.

3.4. Effects of glucose on setting time and compressive
strength

Tables 1 and 2 show setting times and compressive
strengths of the cements containing glucose at various
concentrations. Setting time increased with the concen-
tration of glucose in both cements. Compressive
strength decreased when the concentration of glucose
was increased in group 45, whereas the compressive
strengths of the cements were almost the same regardless
of the concentration of glucose in group 20.

3.5. Change in pH of physiological saline

The pH of the physiological saline in which the two
types of cement were incubated increased with time in
both groups (Figs. 6a and b). The pH of the saline in
which group 20 samples were incubated was higher at
each measurement point than that in which group 45
samples were incubated. The pH values were 6.70+0.02
in group 20 and 5.98 £0.02 in group 45 at 120 min after
the start of incubation. The pH values increased with
incubation time and reached 7.04 at 5 days in group 20
and 6.94 at 3 days in group 45, when physiological saline
was changed every day. After that, it gradually
decreased with incubation time.

3.6. Concentrations of Ca and P ions

Figs. 7A and B show the concentrations of Ca and P
ions in the physiological saline. The concentrations of
Ca and P ions at I day after incubation were high, and
those of group 45 were higher than those of group 20.
Ca ions were detected at every measuring point and
decreased with time in both cements, when physiological
saline was changed every day. The concentration of Ca
ions of group 45 was higher than that of group 20. P
ions were hardly detected at 3 days after incubation and
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Table 1
Effect of glucose on setting time
Group 20 Group 45
Glucose 0% 4.76+0.09 min Glucose 0% 1.88 £ 0.10 min
6.7% 5.54+0.15 5% 2.30+0.12
10% 6.38+£0.33 10% 3434014
15% 7.6040.27 15% 6.40+0.20
20% 9.30+£0.25 20% 8.27+£0.25
Mean+SD,n=>5
Table 2
Effect of glucose on compressive strength
Group 20 Group 45
Glucose 0% 3.07+0.28MPa Glucose 0% 50.62+10.52MPa
6.7% : 4.074£045 5% 4341 +8.10
10% 3.3540.63 10% 20,47 £2.69
15% 3714032 15% 19.78+3.12
20% 333£1.16 20% 21.65+4.02
Mean+SD,n =35
707 increased gradually in group 20, but decreased with
incubation time in group 45.
6.5
3.7. XRD analysis
6.0~
= i‘x_’l_’_,_i—————""‘ Figs. 8(A) and (B) show the patterns of X-ray
5.5 o group20 diffraction. Those of the powder components showed
= grovpds high «-TCP and TeCP peaks, and no HAP peak.
5.0 T MemssD. Whereas, the peak of TeCP decreased from 1 day after
L incubation, the peaks of a-TCP did not change in group
oL : ' . 20. From 10 days after incubation, the peaks of a-TCP
510 20 30 60 120 min. began to decrease. The peaks of HAP became higher
(a) Time with incubation time, the peaks of TeCP and o-TCP
75m were not detected at 6 weeks. On the other hand, the
peaks of TeCP and «-TCP decreased from 1 day, the
704 peaks of HAP became higher and the peaks of TeCP
and a-TCP were not detected at 3 weeks in group 45.
6.5 The transformation to HAP in vitro was faster than that
in vivo. Fig. 9 shows the changes of the rates of
E. 6.0 -0 proup 20 transformation to HAP. The rates increased with
o B ds incubation time in both cements, and that of group 45
3] T MentsD. was higher than that of group 20.
5.0
As 3.8. Biocompatibility
09— T T T T T
ID3DSD 10D2W 3w 4W 6W 3.8.1. Soft tissue response
®) Time In the granulation tissue, numerous dilated capil-

Fig. 6. The pH values of the physiological saline in which the samples
were incubated.

laries, mesenchymal ceils and thin collagen fibers were
observed around the implanted cement at | week after
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Fig. 7. (A) Concentrations of Ca ions in the physiological saline
selutions in which the samples were incubated; (B) concentrations of P
ions in the physiological saline in which the samples were incubated.

surgery. In group 45, hyalinization was observed on the
surfaces of the implanted cement. Foreign body giant
cells were observed on the surface of the cements in both
groups, although they were more numerous in group 45
than in group 20. Inflammatory cell infiltration was
more prominent in the granulation tissue in group 45
(Fig. 10b) than in group 20 (Fig. 10a). With time,
inflammatory responses around the implanted cements
gradually decreased in both groups and the implanted
cements were covered by layers of dense collagen fibers.
Few inflammatory round cells and foreign body giant
cells were observed at 4 weeks after surgery (Figs. [1a
and b).

3.8.2. Hard tissue response

At 1 week after surgery, numerous dilated capillaries,
mesenchymal cells and slight inflammatory cell infiltra-
tion were seen in the thickened periosteum that covered
the implanted cement in group 20 (Fig. 12a). In group
45, hyaline degeneration and moderate inflammatory
cell infiltration were seen in the prominent hypertrophic
periosteurn (Fig. 12¢). On the surface of the parietal
‘bone around the cement, granulation tissue with

(h)
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o) e ]
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() £

(A) 28
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(&) e N
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'I'e\ —— -TCP
@
20 2 3¢ as
(B) 28

Fig. 8. (A). X-ray diffraction patterns of group 20: {a) powder
component; (b) at 1 day after incubation in physiological saline; (¢)
at 3 days after incubation in physiological saline; (d) at 5 days afier
incubation in physiological saline; (e) at 10 days after incubation in
physiological saline; (f) at 4 weeks after incubalion in physiological
saline; (g) at 6 weeks after incubation in physiological saline; (h) at 2
weeks after implantation in subcutaneous tissuc; and (i) at 4 weeks
after implantation in subcutaneous tissue. (B): X-ray diffraction
patterns of group 435: (a) powder component; (b) at 1 day after
incubation in physiological saline; (¢) at 3 days after incubation in
physiological saline; (d) at 5 days after incubation in physiological
saline; (e) at 10 days after incubation in physiological saline; (f) at 3
weeks after incubation in physiclogical saline; (g) at 2 weeks afler
implantation in subcutaneous tissue, and (h) at 4 weeks afier
implantation in subcutaneous tissue.

mesenchymal cells and capillaries and newly formed
bone from the parietal bone (not bound to the cement)
were observed in group 20 (Fig. 12b), but no new bone
formation was seen in group 45 (Fig. 12d). At 2 weeks
after surgery, an inflammatory response around the
cement was still present in group 45, but in group 20
inflammation had disappeared and newly formed bone
was seen to be partially bound to the cement. At 4 weeks
after surgery, the inflammatory response disappeared in
group 45 and newly formed bone from the parietal bone
was seen to be partially bound to the cement (Fips. 13c¢



A. Yokoyama et al. | Biomaterials 23 {2002) 1091-1101 1097

and d). Many parts of the surface of the grafted material
in group 20 that was bound to the newly formed bone
showed lamella-like structures and bone marrow space
formation (Figs. 13a and b).
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Fig. 9. Rate of transformation 10 HAP.

4. Discussion

Although sintered HA ceramics have good biocom-
patibility and osteoconductivity, they lack sufficient
plasticity for easy molding into the desired shape. The
newly developed cement reported in this study has
excellent handling properties and moldability. Unlike
the calcium phosphate cements that have been reported
previously, this material had chewing-gum-like consis-
tency after mixing, as shown in Fig.2. Thus, this
material could be molded to fit the shape of even the
most complicated bone defect and would be useful in
oral and plastic surgery. This chewing-gum-like con-
sistency is thought to be due to the addition of chitosan
to the liquid component. Chitosan is a polysaccharide, a
partially deacetylated chitin (98% deacetylated chitin
was used in this study), which has high viscosity in
solution [18], and which has recently been widely used
as a biomalerial because of its biocompatibility [19,20].
Cherng reported that the incorporation of chitosan
acetate and chitosan lactate could improve the handling

Fig. 10. Light micrographs of tissue responses around materials at 1 week after implantation in subcutaneous tissue: (a) group 20; and (b) group 45;
(M) grafted material. Inflammatory cell infiltration is more prominent in group 45 than in group 20. Original magnification x 100.

Fig. 11. Light micrographs of tissue rcspc;nses around materials at 4 weeks after implantation in subcutaneous tissue: (&) group 20; and (b) group 45;
{M) grafted material, The grafted materials are covered by dense collagen fibers in both groups. Original magnification x 100.
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Fig. 12, Light micrographs of tissue responses around materials at | week after implantation between periosteum and parietal bone: (a) group 20.
Thickened periosteum with slight inflammatory cell infiltration can be seen. Original magnification x 10; (b} group 20. Newly formed bone from the
parictal bone can be seen. Original magnification x 50; {¢) group 45. Prominent hypertrophic periosteum can be seen. Original magnification x 10; {d}
group 45. Moderate inflammatory cell infiltration can be seen around the grafted material. No new bone formation can be seen x 50; (M) grafted

material.

properties of calcium phosphate cement [21]. Takechi
that reported anti-washout calcium phosphate cement
containing chitosan showed excellent biocompa-
tibility [22].

The results from the present study demonstrated that
the concentration of citric acid influenced Kkinetics,
mechanical properties and biocompatibility of the
cements. The setting reactions of the cements could be
divided into two stages. The initial hardening was a
chelate reaction between citric acid in the liquid
component and calcium in the powder component and
the second reaction was transformation of the compo-
nents of the cements to HAP. It has been reported that
calcium phosphate cement containing carboxylic acid
hardens rapidly, with a poor soluble matrix by chelation
[22,23). In our experiment, it appeared that the
compressive strength at the early stage was affected by
the degree of chelation. Therefore, the difference
between the compressive strengths of groups 20 and 43
during the initial 10 days after incubation can be
explained as a difference in the degree of chelation due
to variations in the concentration of citric acid. The

transformation of the components of the cements to
HAP also appeared to be influenced by the concentra-
tion of citric actd. The XRD analysis of group 20
showed that the peak of TeCP decreased, and the peak
of a-TCP did not decrease during the initial 5 days after
incubation in saline. These results demonstrated that
only TeCP was dissolved and transformed to HAP.
TeCP was transformed according to the following
equation [24].

3Ca4(PO,),0 + 3H;0 - Cayg(PO,)(OH), + 2Ca(OH),.
(1)

The increase of pH by 5 days after incubation in spite of
the change of the saline solution every day was due to
the dissolution and transformation of TeCP. The lack of
detection of P ions at 3 day suggested that P ions
released by dissolution of TeCP were used for the
formation of HAP. The decrease of the peak of «-TCP
from day 10 suggested that «-TCP was dissolved and
transformed to HAP. a-TCP was transformed according
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Fig. 13. Light micrographs of tissue responses around materials at 4 weeks after implantation between periosteum and parietal bone: (a) group 20.
Many parts of the surface of the material are directly bound to the newly formed bone. Original magnification x 10; (b) group 20. Lamella-like
structures and bone marrow can be observed in the newly formed bonme. Original magnification x 50; (¢} group 45. Newly formed bone is partially
bound to the material. Original magnification x 10; (d} group 45. Immature waven bone can be seen to be bound te the material x 50; (M) grafted

material.

to the following equation [25]:
10Ca3(PO,), + 6H;0 — 3Ca;y(PO,4)(OH), + 2H;3PO,.
(2)

Some reports on calcium phosphate cement containing
o~-TCP have demonstrated that a-TCP reacts to caicium-
deficient HAP {12,13]. The increase of P we observed
was hypothesized to be related to the progress of this
reaction when the saline was changed every day. After 4
weeks, the peak of TeCP was hardly detected. There-
fore, it was presumed that Eq.(2) progressed dom-
inantly after 4 weeks. On the other, in group 45, the
decrease of the peaks of both TeCP and «-TCP, which
meant dissolution and transformation, occurred simul-
taneously from 1 day after incubation, although the
decrease of o-TCP was less than that of TeCP.
Concentrations of P ions at 3, 5 and 10 days were
higher than those of group 20, and decreased with time
in contrast to group 20. These results suggested that the
reaction shown in Eq. (2) was generated dominantly in
the early incubation stage in group 45. Since transfor-

mation of «-TCP occurred faster than in group 20, the
rate of transformation to HAP of group 45 was higher
than that of group 20. Therefore, the compressive
strength of group 45 by day 10 was higher than that of
group 20. Ginebra et al. reported that the compressive
strength of calcium phosphate cement was related to the
extent of the hydrolysis of «-TCP [13]. In our study, the
compressive strength of group 45 increased from 1 day,
while that of group 20 increased [rom 10 days when
transformation of «-TCP occurred. The decrease of the
compressive strength of group 20 at 3 days after
incubation can be explained by the dissolution of TeCP
and the slight formation of HAP. The decrease of the
compressive strength occurred by the dissolution of
TeCP from the cement was supposed to be more than
the increase of that occurred by the transformation of
TeCP to HAP. The compressive strength of group 20,
which was completely transformed to HAP, was higher
than that of group 45 completely transformed to HAP.
This inversion of compressive strength may indicate
dissolution of calcium citrate, which was a chelate
reaction product. The quantity of calcium citrate seems
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to be related to the difference of kinetics between group
20 and group 45. Monma reported that carboxylic ions
accelerate hydration of a-TCP (23]. Therefore, transfor-
mation to HAP of group 45 appeared to be faster than
that of group 20. The compressive strength at 100%
humidity was higher than that after incubation in
physiological saline. It is thought that interlocking of
HAP crystals was inhibited in physiological saline, as
reported by Ishikawa et al. [11]. The setting time was
shorter in group 20 than in the group 45 in spite of its
higher concentration of citric acid. This was due to the
effect of glucose in the liquid component. Tables 1 and 2
show that glucose influenced the setting times and
compressive strengths of the cements. In particular,
group 45, which contained a high concentration of citric
acid, was more strongly affected by glucose than group
20, so glucose was hypothesized to inhibit the effect of
citric acid. _

Analysis by XRD was carried out on the cements
implanted in subcutaneous tissue. The degree of
transformation to HAP in vivo at 4 weeks after
implantation into rat subcutaneous tissue was lower
than that in vitro at 4 weeks after incubation in
physiological saline, as shown in Figs. 8A and B. The
material implanted in the subcutaneous tissue was
surrounded by fibrous tissue in the organization process;
thus, this material had less chance to come into contact
with body fluids such as blood.

When using an organic acid in liquid component of
the cement, it is necessary to consider the inflammatory
response induced by the acid in the early implantation
stage. The pH value was lower in group 45 than in group
20. The presence of surplus acid would cause an
inflammatory response in vivo. Kurashina et al. re-
ported that «-TCP hardened by the addition of acid was
surrounded by fibrous tissue and did not bind directly to
bone in rabbits [26]. They speculated that the acid
caused the formation of the fibrous capsules. In the
present study, a moderate inflammatory response was
seen in the subcutaneous tissue and around the bone
soon after the implantation of samples from group 45.
However, only a slight inflammatory response was seen
in the subcutaneous tissue and around the bone after the
implantation of samples from group 20. Thus, the
concentration of citric acid affected the biocompatibility
of the cement in soft tissue and bone. At 4 weeks after
implantation, there was only a slight inflammatory
response in the subcutaneous tissue and the cement had
bound directly to the bone even in group 45. These
results are similar to those reported by Kurashina [27]
for implants on the parietal bone in rabbits and
Miyamoto [28] for implants in the tibia in rats. For
cement samples implanted between the periosteum and
l:f{laem::e surplus acid is buffered by bleeding. Thus, the
that fma‘géy response induced by the acid is less than

mples implanted in subcutaneous tissue.

Furthermore, although the samples were implanted
immediately after setting, there were no cases of the
cement being broken, dissolved, or washed out into
the tissue. For this reason, it is thought that an in-
soluble matrix was formed through chelation. No
resorption of either cement was observed in the
subcutaneous tissue or between the periosteum and
parietal bone within 4 weeks. Several studies have
reported the resorption and replacement of calcium
phosphate cement [26-30]. In our study, the duration of
the experiment was too short to investigate the resorp-
tion of the cement. Thus, further experiments are
necessary to investigate it.

5. Conclusion

We developed a new calcium phosphate cement that
consists of chitosan, glucose and citric acid solution as
the liquid component, and o-TCP and TeCP as the
powder components. This cement could be molded to
desired shape because of its chewing-gum-like consis-
tency after mixing, and it demonstrated good biocom-
patibility in both soft and hard tissues. In this study,
liquid components of 20% and 45% citric acid were
used to investigate the influence of acid, and the results
indicated that the concentration of citric acid in the
liquid component influences both the mechanical
properties and biocompatibility of the cement.
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Abstract:  We developed a new calcium phosphate cement
containing succinic acid and carboxymethyl-chitin in the lig-
uid component. In this study, the biocompatibility and os-
teoconductivity of this new cement were investigated. After
mixing, cement in putty form was implanted immediately
between the periosteum and parietal bone and in the sub-
cutaneous tissues of rats. In control cement, distilled water
was used instead of the liquid component. In addition to
histological evaluations, analyses with X-ray diffraction and
Fourier transform infrared were performed for the subcuta-
neously implanted cements. Histological examination
showed slight inflammation around the new cement on the
bone and in the subcutaneous tissue at 1 week after surgery.

At 2 weeks, the cement was partially bound to the parietal
bone. The extent of the surface of the new cement directly in
contact with the bone increased with time, and most of the
undersurface of the new cement bound to the host parietal
bone by 8 weeks. Analysis by X-ray diffraction showed that
the new cement in the subcutaneous tissue was transformed
into hydroxyapatite by 8 weeks. These results indicate that
this new calcium phosphate cement is useful as a bone sub-
stitute material. © 2003 Wiley Periodicals, Inc. J Biomed
Mater Res 64A: 491-501, 2003

Key words: calcium phosphate cement; succinic acid; CM-
chitin; biocompatibility; osteoconductivity

INTRODUCTION

Hydroxyapatite (HAP) has been used as a bone sub-
stitute material because of its high biocompatibility
and osteoconductivity.’” The HAP ceramics that are
currently used clinically lack sufficient plasticity and
thus cannot be molded easily into the desired shapes
to fit complicated surgical sites. Therefore, complica-
tions such as the perforation of the mucosa covering
HAP used in block form and the dispersion of HAP
used in granule form have been reported.** Monma
and Kanazawa reported that the hydration of a-trical-
cium phosphate occurs below 100°C in water and that
the product is calcium-deficient HAP.® In 1986 Brown
and Chow developed a calcium phosphate cement
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that consisted of tetracalcium phosphate and dical-
cium phosphate anhydrous or dicalcium phosphate
dihydrate® that had good osteoconductivity.” After
their report, several studies were performed on cal-
cium phosphate cements.**? Constantz et al. reported
the clinical use of calcium phosphate cement for skel-
etal repair.'’> We added carboxylic acid and polysac-
charide as components of calcium phosphate cement
to improve its mechanical and handling properties.
We previously reported on calcium phosphate cement
containing citric acid as a carboxylic acid and chitosan
as a polysaccharide.'® It could be easily molded into
the desired shape because of its chewing gum-like
consistency after mixing and it demonstrated good
osteoconductivity but provoked a moderate inflam-
matory response around the cement in the early im-
plantation stage. To improve the inflammatory re-
sponse, we developed a new calcium phosphate ce-
ment containing succinic acid as a carboxylic acid and
carboxymethyl-chitin (CM-chitin) as a polysaccharide.
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It had putty-like consistency after mixing and thus
could be molded into any desired shape.”” The pre-
hardened form of cement implanted in the subcutane-
ous tissue caused a slight inflammatory response, and
there was a moderate inflammatory response when
the cement was implanted in the putty form. Because
it seemed that the inflammatory response was related
to the acid content, we reduced the content of succinic
acid from 8% to 3.9%. Although the setting time was
increased from 7.3 min. to 14.2 min. by reducing the
content of succinic acid, the compressive strength was
almost the same. When soaked in the phosphate-
buffered saline (PBS), this improved cement was
transformed to HAP at 3 weeks. Furthermore, it did
not break, even when soaked in distilled water imme-
diately after mixing.'®!” For clinical use, calcium
phosphate cement should be used in putty form rather
than in prehardened form when the handling proper-
ties are considered. We investigated the tissue re-
sponse, especially osteogenesis, around the new cal-
cium phosphate cement implanted in the putty form
in this study.

MATERIALS AND METHODS

Calcium phosphate cement

This cement consisted of powder components and liquid
components. The powder component consisted of a mixture
of alpha-tricalcium phosphate (a-TCP), tetracalcium phos-
phate (TeCP), and dicalcium phosphate dihydrate (DCPD)
at a molecular ratio of 2:1:3. The liquid component consisted
of 4.0 wt % CM-chitin, 3.9 wt % succinic acid, and 4.4 wt %
disodium hydrogen phosphate solution. The powder/liquid
ratio used in this study was 2.3. As a control cement, the
powder component was used with the distilled water in-
stead of the liquid component. The setting times of the ce-
ments were 14.2 + 0.57 min, in this new cement and 32.1 +
0.69 min, in the control cement. When incubated in PBS, the
compressive strengths at 1 week were 33.12 3.04 and 23.7
1.96 Mpa, and transformation rates to HAP at 2 weeks were
93.5 = 0.97 and 81.6 + 2.8% for the new cement and the
control cement, respectively. Finally, this new cement was
completely transformed to HAP at 3 weeks and the control
cement was transformed after 4 weeks in PBS. The kinetics
and mechanical properties of this new cement and the con-
trol cement have been reported in detail.'*'”

Animal experiments

Fifty-one male 6-week-old Wistar rats were used in this
study. Twenty-eight rats received the new cement and
twenty-three rats received the control cement. Under gen-
eral anesthesia, incisions were made bilaterally in the tho-
racic region and in the forehead. Two pockets were made in
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the subcutaneous tissue and one pocket on the parietal bone
where the periosteum was detached from the cranium. After
mixing the powder and liquid components and molding the
cement into pellets (approximately 5 mm in diameter and 2
mm in thickness) by using a 1-cm? plastic syringe (Fig. 1),
the cements were implanted in putty form. One pellet was
implanted on the parictal bone and two pellets were im-
planted in the subcutancous tissue in the thoracic region
bilaterally in each rat. Calcein (CA), alizarine complexone
(AQ), and oxytetracycline hydrochloride (TC) were injected
into the peritoneal cavity as hard-tissue labels. Rats used for
analyses with X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FT-IR) received the pellets only in
subcutaneous tissue. The control cement was implanted as
in the new cement group. Animal experiments were per-
formed in accordance with the Guide for the Care and Use of
Laboratory Animals, Hokkaido University Graduate School of
Dental Medicine. During the course of the study, no rats
were lost.

Histological evaluation

Three rats each were sacrificed for the histological evalu-
ation of the new cement group at 1, 2, 4, 8, 16, and 52 weeks.
For the control cement group, three rats each were sacrificed
for histological evaluation at 2, 4 and 26 weeks and two rats
were sacrificed each at 1 and 8 weeks. A total of 18 rats were
used for histological evaluation of the new cement and 13
rats for that of the control cement. Tissue blocks from the
parietal bone containing cement were fixed and divided into
two parts sagittaly with a dental diamond disc under physi-
ological saline flow for cooling. One of the two tissue blacks
was used as a decalcified specimen and the other as an un-
decalcified specimen. Likewise, one specimen of the two
cements implanted in the subcutaneous tissue of each rat
was used as a decalcified specimen and the other was used
as an undecalcified specimen. The tissue blocks for decalci-
fied specimens were decalcified and embedded in paraffin.
Hematoxylin and eosin-stained specimens were observed by
light microscopy. The tissue blocks for undecalcified speci-

Figure 1. New cement shows putty-like consistency after
mixing.
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mens were stained with Villanueva bone stain, dehydrated,
and embedded in polymethyl methacrylate resin. Thin, un-
decalcified specimens were observed by light microscopy
and fluorescent microscopy.

The specimens were examined for tissue reactions such as
inflammation and osteogenesis around the implanted ce-
ments. The inflammation was evaluated by the degree of the
appearance of macrophages, foreign body giant cells, and
the dilatation of capillaries. Osteogenesis around the ce-
ments was evaluated histologically by the degree of direct
contact between the cement and the newly formed bone.

XRD and FT-IR analysis

Twenty rats were used for the analyses by XRD and FT-IR
analysis. Two rats each were sacrificed at day 1 and 1, 2, 4,
and 8 weeks for the new and control cement groups. The
harvested cement was freeze-dried and divided into two
parts. One part was used for XRD analysis and the other was
for FTIR analysis. Therefore, four specimens were analyzed
at the above-menticned times for XRD and FTIR.

XRD spectra were measured by the powder diffraction
method. The materials were scanned from 20.00 to 40.00° in
26. Then the intensities of some peaks, 23.4° (26) for DCPD,
29.87 (2) for TeCP, 30.8°(28) for «-TCP, and 25.9°(28) for
HAP, were recorded and the amount of transformation of
the components of the cement into HAP was estimated. The
transformation rate was calculated by the following equa-
tion, modified from the report by Fukase et al.!®

Transformation rate (%) = 1/2[(Pyyape/ Priapesy) + 3/6(1 —
Pocrom/ Pocrow) + 2/6(1 - Poterwy/P acrer@) + 1/6(1
Precry] 100

Pocrnioy Pacteroy and Procpg, are the intensities of the
peaks of DCPD, o — TCP, and TeCP in the original
powder components, Pyyap, is the intensity of the peak
of HAP in the final product (3 weeks soaked in PBS).
Puarey Poceoay Paotepe. and Precpyy are the intensities
of peaks of HAP, DCPD, o — TCP, and TeCP, respectively,
in the cement harvested at time t after surgery.

-P TeCl"(t)/

FT-IR was used to investigate the chelates in the cement.
After being ground into powder, the materials were mixed
with a 9-fold volume of KBr powder. The infrared spectra
between 2000 cm™' and 500 ¢m™ were measured by
diffuse-reflectance spectroscopy. As the control material
for detection of the chelates, calcium succinate was also
measured.

RESULTS
Soft tissue response
New cemer;t group
At 1 week after surgery, the cement was covered by
granulation tissue with slight inflammatory changes.

Some foreign body giant cells were seen on the surface
of the cement [Fig. 2(a,b}]. CA injected at surgery was

493

deposited on the surface of the cement and diffuse
deposition of TC injected at 2 weeks after surgery was
observed on the inner layer of the cement at 2 weeks
[Fig. 2(c}]. At 4 weeks after surgery, the cement was
covered by thin connective tissue with fibroblasts. In
the lateralmost layers of the cement, mesh-like struc-
tures stained by hematoxylin were observed [Fig.
2(d)]. There were few foreign body giant cells on the
surface of the cement, Cell-mediated distinct absorp-
tion of the cement was not observed at 52 weeks [Fig.

2(e)].
Control cement group

At 1 week after surgery, the cement was broken into
particles and covered by granulation tissue with mod-
erate inflammatory changes. We observed many for-
eign body giant cells, macrophages, and dilatation of
capillaries. In addition, a small number of lympho-
cytes and plasma cells were observed sporadically in
the granulation tissue. Numerous foreign body giant
cells were seen on the surface of the cement [Fig.
3(a,b)]. Although CA was deposited on the cement,
the extent of the deposited area was smaller and
weaker than that of the new cement [Fig. 3(c)]. At 4
weeks after surgery, many foreign body giant cells
were observed around the crumbled cement, whereas
the moderate inflammatory changes decreased [Fig.
3(d,e)]. At 26 weeks, the cement was covered by thin
fibrous connective tissue [Fig. 3(f)].

Hard tissue response
New cement group

At 1 week after surgery, the new cement was cov-
ered by granulation tissue with slight inflammatory
changes. New bone formation from preexisting corti-
cal bone was seen around the edge of the cement, but
it was not bound to the cement. At 2 weeks, extensive
new bone formation was seen in the gap between the
host parietal bone and the cement. Newly formed
bone bound to part of the cement directly [Fig. 4(a)].
Thin new bone was observed on part of the undersur-
face of the cement detached from the host parietal
bone at 4 weeks [Fig. 4(b)]. New bone grew with time,
and most of the edge and undersurface of the cement
directly contacted the newly formed bone at 8 weeks
[Fig. 4(c)]. CA injected at surgery was observed on the
lateralmost layer of the cement, whereas AC, injected
at 8 weeks, was distributed on the inner part of the CA
layer [Fig. 4(d)]. Although most of the upper surface of
the cement was covered by thin connective tissue,
slight bone formation was observed on the upper sur-
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Figure2. Soft tissue response to the new cement. (a) Slight inflammation and foreign body giant cell (arrow) are seen on the
new cement (*) at 1 week after surgery. Hematoxylin and eosin stain: original magnification x100. (b) High magnification of
(a). Foreign body giant cell is seen on the surface of the new cement. Some mesenchymal cells and fibroblasts are seen in the
granulation tissue around the new cement. Hematoxylin and eosin stain: original magnification x200. {c) Calcein (arrowhead)
injected at surgery is deposited on the surface of the new cement and oxytetracycline hydrochloride (arrow), injected at 2
weeks is observed on the inner layer of the cement (*) at 2 weeks after surgery. F luorescent microscopy: original magnification
x25. {d) Cement (*) is covered by thin connective tissue, and a mesh-like structure {arrow) stained by hematoxylin was
observed in the lateralmost layer of the cement at 4 weeks. Hematoxylin and eosin stain: original magnification x100. (e) No
foreign body giant cell can be observed on the surface of the cement (*) at 52 weeks. Hematoxylin and eosin stain: original
magnification x100.



