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2.5.  pH measurements of tested materials

The 4 tested materials were manipulated as described in Table
1 and then placed in a mould of 4 mm diameter and 6 mm
height.”** The materials were immediately placed in a falcon
tube and 5ml of deionised water were added to the tested
materials. pH measurements were recorded using a pH metre
(Sartorius PB-11, Melsungen, Germany) at 0, 2, 30, 60 and
1440 minutes after placing the materials in the test tubes.”>**
Five separate trials were conducted for each material and the
means of results were recorded for each material.

3. Results

3.1. Cytotoxicity evaluation with the transwell insert
model results

Fig. 1 shows the MTT results of tested materials. The largest
mean count value to the least mean count value is
corresponding to the following materials: 45S5 bioglass paste,
Caviton, SuperSeal, and Fuji I glass ionomer cement. There
were no significant differences (p <0.05) between the
recorded values of the MTT counts for all tested materials.

3.2. Morphological observation of the cultured pulp cells

The cultured RPC-C2A cells appeared spindle-shape before
confluent; however after confluent the cells became polygonal
in shape (Fig. 2A). 45S5 bioglass paste elicited little cytotoxic
effects on the morphology of the cultured cells however the
size of the cells became slightly smaller in size. The density of
the cultured cells decreased in the glass ionomer cement
group and then in the Caviton group respectively with marked
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Fig. 1 - Cytotoxicity of four dental materials with culture
medium on rat dental pulp cells. MTT results (n = 5) of
tested materials. One-way ANOVA revealed a significant
difference (p < 0.05). The same symbols (+, *) represented
that there were no significant differences.

increase in the intercellular spaces. Moreover, some of the
pulp cells became retracted or rounded, with loss of functional
organisation. The SuperSeal group showed marked increase of
cell degeneration, cell debris and signs of pulpal cells necrosis.

3.3 pH measurements of tested materials

The mean of the pH values are shown in Fig. 3. The initial pH
measurements of the 45S5 bioglass mixture were initially
acidic i.e. 2.2, however there was a slightly steady increase in
the pH along the period of observation till it reached 4 after
24 h. The SuperSeal maintained its acidic behaviour along the
experimental period. The glass ionomer and the Caviton
showed higher pH values that remained relatively stable
throughout the experiment.

Fig. 2 - Morphological changes of pulp cells following exposure to the various tested materials for 3 days. (A) Control pulp
cells: polygonal-shaped cells can be observed and (B) 45S5 bioglass paste group: size of the cells became slightly smaller. (C)
Caviton group: decrease in pulp cells density and increase in intercellular spaces. (D) Glass ionomer group: decrease in pulp
cells and marked increase in intercellular spaces. (E) SuperSeal group: marked observation of cell degeneration, cell debris
and signs of pulpal cells necrosis (100X, original magnification).
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Fig. 3'- Mean of the pH values recorded for the tested
materials at the experimental durations.

4, Discussion

4555 bioglass is a highly biocompatible material® that has an
antibacterial effect.?®?” It was previously reported that the
combination of 4555 bioglass with phosphoric acid will form a
calcium phosphate rich layer that can bond to dentine.*®
Moreover, this layer showed good abrasion resistance and
acceptable mechanical properties.®®

The viability of the cells observed by the MTT experiment
showed that the 4555 bioglass paste did not exert any
significant cytotoxic effects on the cultured pulp cells when
compared to the results obtained from the other tested
commercially available materials. Moreover, -45S5 bioglass
showed the least cytotoxic effects on the morphology of the

“cultured cells when observed under the microscope.

The slight difference between the MTT experiment results
and the microscopic examination results may be attributed to
the low metabolic activity of the cultured cells caused by the
application of the dental materials which may have caused
difficulty in obtaining significant differences in the MTT
counts when comparing the tested materials.®

The highest cytotoxicity was associated with the SuperSeal
which is mainly composed of oxalic acid and potassium salts
with pH 2.7. This acidic solution depends on attacking the
peritubular dentine and using the dentine’s calcium to form
insoluble calcium oxalate crystals capable of blocking the
dentinal tubules orifices.?® Thus, it is speculated that this
solution caused the drop of the pH of the culture media which
had a riegative effect on the cultured cells.

On the other hand, there were some cytotoxic effects
associated with the 4555 bioglass paste because it is initially
acidic after mixing (i.e. pH 2.2) however, due to the rich
calcium and phosphate contents of the powder the pH of the
paste was gradually increasing to be 4 after 24 h. Thus it is
expected that the bioglass mixture exhibited some cytotoxic
effects on the cells initially after mixing due to its initial
acidity, however these effects were rapidly diminished. It
was suggested that the mechanism of calcium-phosphate
crystals formation by the 45S5 bioglass paste on tooth
surfaces using our technique is as follows: when the 4585

bioglass powder was mixed with the aqueous sclution of the
50% phosphotic acid the calcium, phosphate and sodium
crystals leached into the aqueous acidic media.’®?** The
phosphate ions released from 45S5 bioglass and those
abundant in the phosphoric acid solution reacted with the
calcium ions from bioglass and dentine to form calcium-
phosphate salts. These inorganic salts precipitated on top of
the dentinal-surface with smaller crystals penetrating the
dentinal-tubules.*®*° ’ :

There were some cytotoxic effects observed for the glass
ionomer group and the Caviton group which maybe attributed
to the leaching of some cytotoxic components from these
materials. In case of glass ionomer it is speculated that some
unreacted polyacrylic acid®* might have permeated from the
cellulose acetate filter of the transwell and affected the
viability of the cultured cells. The cytotoxic effects observed in
the Caviton group may be attributed to its calcium sulphate
content which was previously reported to exhibit a moderate
cytotoxic effect on the pulp cells.®

This in vitro cytotoxicity testing may offer some advan-
tages when compared to in vivo testing as itis rather quick to
perform, less expensive, able to be standardised, able to
provide large-scale screening and more sensitive method for
detecting any slight negative effects on'the pulp cells.®®
However, the In vivo studies using animals permit the
analysis of biocompatibility under conditions that allow for
cell-to-cell interactions that more closely mimic the clinical
situation.®*

However, conducting a direct correlation between the
results obtained from the current study to corresponding

" results derived from in vivo study or any clinical trial should be

cautioned against, because in the clinical situation it is
expected to place these tested materials on dentine which
will act as barrier between the dental materials and the pulp
cells, this dentine barrier can alleviate the cytotoxicity of
many dental materials and acts as a good pH buffering
structure.® :

Moreover, the dentinal fluid and proteins present within
dentinal tubules are able to effectively neutralize the toxic
effects of many components released from a variety of
restorative dental materials®*® Thus, it is expected that the
current tested materials will exhibit better biocompatibility to
the dental pulp cells clinically.

The durability of using the 4555 bioglass® paste and its
high biocompatibility suggest that this paste can serve as an
efficient aid in the treatment of dentine hypersensitivity.

5. Conclusion

The 45S5 paste showed good biocompatibility to pulp cells
when compared to three commercially available dental
materials suggesting the safety of using this paste as an aid
in treatment of dentine hypersensitivity.
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Abstract: The purpose of this study is to evaluate the osteo-
conductivity of three different bone substitute materials: a-tri-
calcium phosphate («-TCP), (B-TCP), and hydroxyapatite (HA),
combined with or without simvastatin, which is a cholesterol
synthesis inhibitor stimulating BMP-2 expression in osteoblasts.
We used 72 Wistar rats and prepared two calvarial bone
defects of 5 mm diameter in each rat. Defects were filled with

the particles of 500~750 pm diameter combined with or without

simvastatin at 0.1 mg dose for each defect. In the control
group, defects were left empty. Animals were divided into
seven groups: o-TCP, B-TCP, HA, o-TCP with simvastatin, B-TCP
with simvastatin, HA with simvastatin, and control. The animals
were sacrificed at 6 and 8 weeks. The calvariae were dissected
out and analyzed with micro CT. The specimens were eval-
uated histologically and histomorphometrically. In «-TCP group,
the amount of newly formed bone was significantly more than

both HA and control groups but not significantly yet more than
B-TCP group. Degradation of «-TCP was prominent and B-TCP
showed slower rate while HA showed the least degradation.
Combining the materials with Simvastatin led to increasing in
the amount of newly formed bone. These results confirmed
that o-TCP, B-TCP, and HA are osteoconductive materials acting
as space maintainer for bone formation and that combining
these materials with simvastatin stimulates bone regeneration
and it also affects degradability of o-TCP and B-TCP. Conclu-
sively, a-TCP has the advantage of higher rate of degradation
allowing the more bone formation and combining «-TCP with
simvastatin enhances this property. © 2011 Wiley Periodicals, Inc.
J Biomed Mater Res Part A: 98A: 488-498, 2011.
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INTRODUCTION

The number of clinicians performing endosseous dental
implants whether immediately following tooth extraction or
after a period of time is rapidly increasing. However, on
many occasions clinicians encounter the lack of adequate
amount of bone due to a number of reasons including injury,
eradicated tumor masses, or progressive periodontal diseases.
To overcome this difficulty, many methods have been devel-
oped and introduced using a variety of grafts such as autolo-
gous bone grafts, allografts, alloplasts, and xenografts." Auto-
logous bone is regarded as one of the gold standard of graft
materials.>* However, there are several problems in autolo-
gous bone grafts including morbidity of the donor site and
limitation of amount of bone that can be harvested.”® It is
becoming a demand to identify different types of bone substi-
tutes. Moreover, the process of osteogenesis can be stimu-
lated by applying bone formation stimulating molecules.” ™
Calcium phosphates, such as tricalcium phosphate (TCP), and
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hydroxyapatite (HA) are widely used as substitutes for auto-
logous bone.’®!? These materials show high biocompatibility
and osteoconductivity.’*> HA is a biomaterial with a lower
degradation rate than new bone formation in vivo.*** On
the other hand, the degradation rate of TCP is higher than
HA in vivo. o-TCP dissolves more easily in water than B-TCP
even though they have exactly the same chemical composi-
tion. However, it is important for a bone substitute material
to have the character of degradation rate equal to the process
of bone formation.

Interestingly, simvastatin, an inhibitor of cholesterol syn-
thesis, stimulates BMP-2 expression in osteoblasts.’® We
have recently reported that o-TCP containing simvastatin
stimulates bone regeneration in rat calvarial defects by
enhancing BMP-2 expression.’® The purpose of this study
was to evaluate osteoconductivity of three different calcium
phosphate materials, o-TCP, B-TCP, and HA, combined with
or without simvastatin in rat calvarial defects. k

© 2011 WILEY PERIODICALS, INC.



TABLE |. List of the Experimental Groups

Group Bone Substitute Simvastatin = Number of Defects
1 %-TCP — 12
2 «-TCP -+ 12
3 B-TCP = 12
4 B-TCP + 12
5 HA - 12
6 HA + 12
7 Control - 12

MATERIALS AND METHODS
This study was approved by the institutional committee of ani-
mal experiments. Bone substitute particles of «-TCP, B-TCP, and
HA of 500-750 pm diameter were kindly supplied by
(Advance, Co., Tokyo, Japan). Simvastatin powder (Merck &
Co., Whitehouse Station, NJ) was dissolved in ethanol (Wako
Pure Chemical Industries, Osaka) and incorporated into each
bone substitute particles. The amount of simvastatin in 1 mg
bone substitute particles was 7 pg and each calvarial defect
received approximately 14 mg bone substitute particles. Thus,
finally 0.1 mg simvastatin was applied in each calvarial defect.
Seventy two male Wistar rats (14-week old about 250-
350 g) were divided into seven groups, o-tricalcium phos-
phate (o-TCP), B-tricalcium phosphate (B-TCP ), hydroxyapa-
tite (HA), o-TCP with simvastatin, B-TCP with simvastatin,
HA with simvastatin, and the control (Table I).

Surgical procedures

The animals were anesthetized with a combination of keta-
mine (40 mg/kg)-xylazine (5 mg/kg), In addition, 0.2 mL of
local anesthetic (2% xylocaine/epinephrine 1:20,000, Fuji-
sawa, Tokyo, Japan) was injected into the surgical sites
before the start of surgery. The surgical areas were shaved
and disinfected with povidone-iodine (Isodine Surgical
Scrub, Meiji, Tokyo, Japan), skin incision, and subperiosteal
dissection were carried out, a flap was raised and bone
defect of 5 mm diameter was prepared reaching the dura
mater of the brain on each side lateral to the sagittal plane
with a bone trephine bur. The defects were filled with bone
substitute particles according to the group. The control
group defects were left unfilled. The periosteoum was repo-
sitioned and sutured with a 4-0 Vicryl polyglactin suture
(Ethicon, NJ) and the skin was sutured by 4-0 silk (ELP
Akiyima Co. Tokyo, Japan) (Fig. 1). The animals were
injected subcutaneously for the bone labeling with calcein
and tetracycline 7 days and 1 day, respectively, before sacri-
fice for the histomorphometric analysis. The animals were
sacrificed at 6 and 8 weeks after the surgery.

Micro CT and computer analysis

After sacrificing the animals, the calvaria were dissected out
and fixed in neutral 10% formalin then examined with soft X-
ray radiography and dual-energy X-ray absorptiometry for
small animals (DCS-600; Aloka Co., Tokyo). Furthermore micro
CT (InspeXio; Shimadzu Science East Corporation, Tokyo) was
conducted. Micro CT images were analyzed with Tri/3D-Bone
software (RATOC System Engineering Co., Tokyo, Japan). Bone
volume (BV), bone mineral contents (BMC), bone mineral den-
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sity (BMD), and remaining bone substitute particles were
measured within the region of interest (ROI).

Histological processing

Specimens were prepared for either paraffin wax embedding for
the decalcified sectioning or methyl methacrylate (MMA)
embedding for the undecalcified sectioning. Decalcification was
carried out by immersing the specimens in 10% EDTA for 4
weeks. Decalcified specimens were dehydrated in ascending

FIGURE 1. Photos of surgical procedures. Subperiosteal dissection
(A), bone substitute material applied to the 5 mm defects in the calva-
rial bone (B), and suturing periosteum with resorbable suture (C).
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FIGURE 2. (A) Histological images at 6 weeks, a-TCP (a), o-TCP+statin (b), B-TCP (c), B-TCP+statin (d), HA (e), HA+statin (f), and Control (g).
Bone substitute particles (P), new bone (NB), and connective tissue (CT). (B) Histological images at 8 weeks. -TCP (a), -TCP + statin (b), B-TCP
(c), B-TCP + statin (d), HA (e), HA + statin (f), and control (g). Bone substitute particles (P), new bone (NB), and connective tissue (CT). Bone in
control group failed to progress toward the center of the defect (g). -TCP particles were progressively degraded and replaced by new bone (b).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

grades of ethanol and embedded in paraffin wax. Embedded
samples were sectioned into 7 pm serial slices with a micro-
tome, following the coronal direction along the defect and calva-
rial bone. Sections were stained with hematoxylin and eosin.

To obtain undecalcified sections, the specimens were
dehydrated in ascending grades of ethanol and acetone and
stained with Villanueva bone stain (Wako Pure Chemical
Industries, Osaka) for 15 days then infiltrated with and em-
bedded in MMA resin. The MMA embedded sections were
cut with a microtome to a thickness about 50 pm following
the coronal direction along the defect and calvarial bone.
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Histomorphometrical analysis

Both calcified and undecalcified specimens were exam-
ined under light microscope (Biozero, BZ-8000; Keyence,
Osaka, Japan) for the evaluation of new bone formation
among the groups. Fluorescent microscope was used to
evaluate the mineral apposition rate (MAR) in the unde-
calcified samples within one week. Imaging software
(Image] 1.42q, Wayne Rasband, National Institute of
Health) was used to measure the percentage of new bone
formation, percentage of remaining bone substitute mate-
rials, and MAR.

OSTEOCONDUCTIVITY OF % TCP, 3-TCP, AND HA



ORIGINAL ARTICLE -

FIGURE 2. Continued

Statistical analysis

For the numerical data gathered, statistical analysis was per-
formed by commercial software (SPSS) with One-way analysis
of variance (ANOVA), where results suggested a significant dif-
ference between groups (p < 0.05). The data were further an-
alyzed by Tukey’s post hoc multiple comparisons test.

RESULTS

Macroscopic observation

During the recovery phase, no macroscopic infection of the
wound was noted. However, all simvastatin groups showed a
reddish inflammation in the skin area overlying the bone
defects, the inflammation was subsided to a normal skin within
10 days. The wounds showed a complete healing after 2 weeks.

Histological observation
The histological images are presented in Figures 2-4.

Control groups.

In both 6 and 8 weeks, the new bone failed to progress to-
ward the center of the defect and only a thin layer of new
bone was seen at the defect margins. The central portion of
defect was filled with compressed fibrous connective tissue

[Fig. 2(A-gB-g)].

o-TCP groups
In 6 weeks group, the defects were filled with new bone
islands between the particles with the presence of woven
bone. The particles are starting to degrade and partially
replaced by new bone [Fig. 2(A-a)]. In 8 weeks group, more
bone was taking place of the degraded particles, and there was
more bone formation in between the particles [Fig. 2(B-a)].

In 6 weeks with simvastatin group, the defects were not
completely filed with bone, the particles were ongoing
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degradation and replaced mostly by woven bone [Fig. 2(A-
b)]. In 8 weeks with simvastatin group, the new bone filled
the defect almost completely, and the particles are also
mostly replaced by new bone [Fig. 2(B-b)].

B-TCP groups

In 6 weeks group, new bone took place in parts of the defect
with presence of woven bone and some connective tissue, the
particles were slightly degraded [Fig. 2(A-c)]. In 8 weeks
group, the new bone was occupying most of the defects, and
the particles were further degraded [Fig. 2(B-c)].

In 6 weeks with simvastatin group, the new bone took place
in more parts of the defect in comparison with the non simva-
statin group, and the particles are also slightly degraded [Fig.
2(A-d)]. In 8 weeks with simvastatin group, the new bone was
filling the defects almost completely, and the particles were fur-
ther degraded and replaced by new bone [Fig. 2(B-d)].

HA groups

In 6 weeks, the new bone took place at the margins of the
defects, woven bone was filling the center of the defects
and spaces between particles, the particles showed no deg-
radation [Fig. 2(A-e)]. In 8 weeks, the new bone was filling
the spaces between particles, and the particles showed least
degradation [Fig. 2(B-e)].

In 6 weeks simvastatin group, parts of the defects were
filled with new bone while other parts were filled with woven
bone, and the particles showed no degradation [Fig. 2(B-f)]. In
8 weeks with simvastatin group, more bone was filling the
defects in comparison with the non simvastatin group, and
particle also showed least degradation [Fig. 2(B-f)].

As shown in Figure 3, the group of HA with simvastatin
showed significant increase in number of osteoblastic cells
compared with the group without simvastatin, which was
also evident in the groups of o-TCP and B-TCP with/without
simvastatin. The pattern of bone formation suggests that the
osteoblastic cells were differentiated from the dura mater.

Degradation of the materials

There was a significant difference in the degradability of the
three bone substitute materials. As for the o-TCP particles
almost all the particles had degraded after 8 weeks, while
B-TCP showed degradation to some extent but significantly
less than o-TCP. HA particles showed least amount of degra-
dation and can be clearly observed (Fig. 4).

Radiological findings

Control groups. In both 6 and 8 weeks showed scanty
amount of thin bone extending toward the center but failed
to fill the defect [Fig. 5(A-g,B-g)].

o-TCP groups. In 6 and 8 weeks particles were reduced in
size, less radio opaque and well integrated with significant
amount of new bone [Fig. 5(A-a,B-a)]. Simvastatin groups were
showing more amount of new bone and the opacity of the
particles is almost similar to the bone which can be clearly
observed in o-TCP + statin 8 weeks group [Fig. 5(A-b,B-b)].
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FIGURE 3. Higher magnified histological images of HA group with sim-
vastatin (A) and without simvastatin (B) at 6 weeks. Bone substitute
particles (P) and osteoblastic cells (arrows). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

B-TCP groups. At 6 weeks, newly formed bone and B-TCP
particles could be easily differentiated as they revealed dif-
ferent radiopacity [Fig. 5(A-c)], in simvastatin group more
bone is observed [Fig. 5(A-d)]. At 8 weeks, particles are
slightly reduced in size and more new bone can be observed,
in simvastatin group no difference in particles size can be
seen but more new bone is formed [Fig. 5(B-c,B-d)].

HA groups. At 6 and 8 weeks particles showed least reduc-
tion in size for both non simvastatin and simvastatin groups
[Fig. 5(A-efB-ef)]. Bone formation was scattered between
the particles in 6 weeks group [Fig. 5(A-e)], but it appears
to fill in between particles in statin group [Fig. 5(A-f)]. In 8
weeks, statin group showed higher amount of new bone
than non- statin group [Fig. 5(B-e,f)].

DISCUSSION

Although autologous graft is the golden standard for the
graft materials,’”® it is not always possible to harvest suffi-
cient amount of bone due to factors such as the limitation

OSTEOCONDUCTIVITY OF -TCP, 3-TCP, AND HA
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FIGURE 4. Histological images representing degradability between the three types of bone substitutes at 8 weeks. »-TCP particles are the most
degraded (A,D), followed by B-TCP (B,E), while HA particles are the least degraded and can be clearly seen (C,F). Circles in (A,D) indicates the
area of the degraded particles. o-TCP (A), B-TCP (B), HA (C) (Villanueva bone stain), o-TCP (D), B-TCP (E), HA (F) (H&E stain). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

of donor sites.?®"?* Therefore many researchers have inves-
tigated calcium phosphate as bone graft material because of
its good biocompatibility,**?? it was introduced successfully
as a bone substitute material. Although bone substitutes
currently available are osteoconductive, more effective mate-
rial is clinically desired. In this study, the osteoconductivity
of three different bone substitute materials was evaluated
in bilateral rat calvarial model. In Figure 6(A,B) the quanti-
tative results show the percentage of new bone formation
among 6 and 8 weeks groups. In o-TCP + statin group, the
percentage was the highest compared with the other bone
substitute materials, while in control group the percentage

was the lowest. Furthermore, the percentage was signifi-
cantly higher within the same material when simvastatin
was added in both o-TCP and B-TCP groups, while no signifi-
cance was found in the HA group, however the percentage
has a tendency to increase when simvastatin was added to
HA particles. Accordingly, the results of this study suggest
that TCP was better osteoconductive than HA and this can
be attributed to the biodegradability of the TCP which led
into significance in the results. Despite the degradability of
o-TCP over B-TCP, there was no significant difference in the
percentage of new bone formed among these two TCP mate-
rials [Fig. 6(A,B)]. The rate of bone formation versus particle
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FIGURE 5. (A) Micro CT images for cross section in the coronal plane of the calvarial bone at 6 weeks, slightly tilted to show the region of inter-
est. The bone failed to fill the center of the defect in control group (g). Note that 2-TCP (Alpha tricalcium phosphate) particles are less radio opa-
que (a,b) when compared with the other two types. »-TCP (a), »-TCP + statin (b), B-TCP (c), B-TCP + statin (d), HA (e), HA + statin (f), and
Control (g). (B) Micro CT images for cross section in the coronal plane of the calvarial bone at 8 weeks, slightly tilted to show the region of inter-
est. o-TCP (a), »-TCP + statin (b), B-TCP (c), B-TCP + statin (d), HA (e), HA + statin (f), and Control (g).

degradation is an important factor. Therefore, the ideal bone
substitute material can be defined as the one that degrades
in synchronous manner with the bone formation. It has
been reported that the ideal graft substitute should reab-
sorb with time to allow and encourage new bone formation
whilst maintaining its properties as an osteoconductive scaf-
fold until it is no longer required.?® In this study, quantita-
tive results of the remaining bone substitute materials dem-
onstrated that after 6 and 8 weeks, less than 10% of a-TCP
particles remained [Fig. 7(A,B)]. Consequently, this study
suggests that o-TCP is the material of choice among the
tested substitutes due to the higher degradability rate which
may provide sufficient space for bone formation. However,
based on histological observation and quantitative analysis
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it was noticed that the degradation rate of o-TCP is slightly
higher than the bone formation rate [Fig. 4(A,D)], but it was
within the acceptable rate, as o-TCP successfully acted as a
space maintainer, scaffold, and osteoconductive material.
Simvastatin is an inhibitor of cholesterol synthesis that
has the effect of stimulating bone formation.**?*** Previous
studies showed that it stimulates the BMP-2 expression in
osteoblasts and that it also inhibits the osteoclastic activ-
ity.25"%° Thus, it is reasonable to expect that combining a
bone substitute with simvastatin favorably modifies the ma-
terial character by stimulating bone formation. In this study,
the highest BMC and BMD in 6 and 8 weeks were found
when combining simvastatin with o-TCP (Tables II and III).
The simvastatin dose in this study was determined

OSTEOCONDUCTIVITY OF 2-TCP, B-TCP, AND HA
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FIGURE 5. Continued

according to our previous study that showed that optimum
dose for the same defect sizes was 0.1 mg. In the previous
study, a higher dose led to inflammation of the skin above
the defects while lower dose did not stimulate bone forma-
tion3° However, in this study, skin inflammation was
observed over the applied area although this inflammation
was slight and temporal. The releasing mechanism of the sim-
vastatin from the materials is not clear. The drug release from
the material would be affected by the solubility of the drug in
the surrounding solution, the binding strength of the drug to
the material, the material porosity and the material degrada-
tion speed. Our previous in vitro study demonstrated that
more than half of the simvastatin was released from o-TCP
particles on the first day, which was followed by slow release
of the drug?®® The releasing profile of the drug from the three
materials in vivo is different because the degradation rate of

the materials strongly affects the drug release. However, it is
likely that the initial burst of drug release from the materials
also occurred in vivo in this study. It would be much benefi-
cial to control the release of the simvastatin on the basis of a
daily dose,®! this could secure a sustained stimulation of the
bone formation for appropriate period of time.

In our previous study, combining o-TCP with simvastatin
stimulated MAR compared with the one of o-TCP alone. How-
ever, in this study, the MAR was not stimulated when the materi-
als were combined with simvastatin at the same dose (Tables II
and IIT). This is probably due to the difference of the time points
of the histomorphometrical measurement: 4 and 6 weeks in the
previous study; 6 and 8 weeks in this study due to that the most
of the simvastatin has been released at an earlier time. Further-
more, it would be also possible that there were differences in
the microstructure and/or crystal size between the previous
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New Bone Formation % 6 Weeks

New Bone Formation % 8 Weeks

FIGURE 6. (A) Percentage of new bone formation in 6 weeks. *p < 0.05,
#p < 0.001. Values are shown as mean = SEM. The highest percentage
of new bone formation was found in «-TCP with statin group. Statin
had a significant role in new bone formation among the two TCP bone
substitutes, however, no significance was observed when using statin
in HA particles. (B) Percentage of new bone formation in 8 weeks. *p <
0.05, p < 0.001. Values are shown as mean = SEM. The percentage of
new bone formation was slightly increased compared with 6 weeks.

and the present materials, which affected the releasing speed of
the drug from the materials. The temporal inflammatory
response of the skin on the applied area in this study, which
was not observed in the previous study, could be probably
explained by higher rate of drug release from the materials in
this study compared with the previous study.

The pattern of bone formation suggests that the osteo-
progenitor cells are differentiated from the dura mater The
number of osteoblast cells was significantly higher in the
simvastatin groups compared with non simvastatin groups.
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This can be attributed to the role of simvastatin in stimulat-
ing BMP-2 which is a family member of the Transforming
growth factor beta protein (TGF-B) that controls prolifera-
tion, and cellular differentiation.®-°

The defect size used in this study was 5 mm in diame-
ter, which can be considered critical as new bone formation
in most defects failed to fill the center after 8 weeks in the
control group. The bone substitute particles size used in
this study was about 500-750 pm, the particle size was
found to influence the outcome of the bone formation pro-
cess.>®37 However, in this study, we standardized the size
and the microstructure of the three materials to eliminate
the potential effect of these factors on bone formation.
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FIGURE 7. (A) Percentage of remaining material in 6 weeks. *p <
0.05, ¥p < 0.001. Values are shown as mean * SEM. The degraded -
TCP particles are significantly higher than the other two bone substi-
tute materials which may potentially create room for more bone
formation. (B) Percentage of remaining material in 8 weeks. *p <
0.05, #p < 0.001. Values are shown as mean = SEM. Interestingly, the
‘combination of the bone substitute materials with simvastatin
affected the degradation of the materials.
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TABLE Il. Mineral Apposition Rate {MAR), Bone Mineral Contents (BMC), and Bone Mineral Density (BMD) in 6 Weeks

Experimental Group MAR {(pm} BMC (mg) BMD (mg/mm?)

a-TCP 4.32 + 0.24 13.04 = 1.05 1.06 * 0.02

a-TCP+statin 5.20 * 0.55 1379 = 0.79 1.26 * 0.02 K

p-TCP 3.14 * 033 N :]{’* "10.90 + 0.46 j* 1.04 = 0.01 jﬂ* *
B-TCP--statin 3.44 + 0.44 |y [ * 12.08 + 0.42 * 1.16 = 0.007 # #ly

HA 2.67 * 0.20 10.80 = 0.39 #o 1.02 = 0.01 e

HA-statin 3.1 +0.10 11.51 + 0.45 * 1.10 = 0.02 #
Control 2,16 + 0.24 8.21 * 0.04 ]* 0.97 + 0.009 e

One-way ANOVA with Tukey’s post-hoc multiple comparison: *p < 0.05, ¥ p < 0.001. Values are shown as mean = SEM.

TABLE Ill. Mineral Apposition Rate (MAR), Bone Mineral Contents (BMC), and Bone Mineral Density (BMD) in 8 Weeks

Experimental Group MAR {um}) BMC (mg) . BMD (mg[mm3)

a-TCP 2.68 + 0.42 ' 13.13 + 0.33 1.25 + 0.01

o-TCP--statin 3.65 = 0.14 15.26 *+ 0.67 1.30 + 0.02

p-TCP 279 * 0.11 13.33 £ 0.74 1.21 + 0.01 ]* *
B-TCP--statin 2,91 + 0.26 Ll ]* # 14.45 + 1.05 % 1.23 + 0.01 m ||

HA 1.91 + 0.18 I 12,53 + 0.70 i 1.19 + 0.008 s

HA -statin 222 + 0.16 4 13.36 + 0.53 Jn 1.21 = 0.016 *
Control 1.38 + 0.05 ) 8.91 = 0.71 ]* 1.12 = 0.009 ]*

One-way ANOVA with Tukey’s post-hoc multiple comparison: *p < 0.05, * p < 0.001. Values are shown as mean * SEM.
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This study confirmed the difference in the order of
degradability of the three materials; o-TCP is the most
degradable followed by B-TCP, and HA is the least degradable
[Figs. 4. and 7(AB)]. Interestingly, the combination of the
bone substitute materials with simvastatin affected not only
bone formation but also the material degradation. Degrada-

tion of o-TCP and B-TCP is affected by the solubility of these -

materials. In addition, it is possible that the degradation of
these materials is strongly affected by the bone remodeling
speed around the materials, which could explain the more
degradation of o-TCP and B-TCP in the simvastatin groups.

CONCLUSION

This study confirmed that o-TCP, B-TCP, and HA are osteo-
conductive materials acting as space maintainer for bone
formation when applied to a bone defect, and demonstrated
that combining these materials with simvastatin stimulates
bone regeneration and it also affects degradability of a-TCP
and B-TCP. Conclusively, o-TCP has the advantage of higher
rate of degradation allowing the more bone formation and
combining o-TCP with simvastatin enhances this property.
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Abstract A sputtering technique followed by a low
temperature hydrothermal treatment has been demonstrated
to produce a dense-and-bioactive hydroxyapatite thin film
coating. The purpose of the present study was to investigate
osteoblast and osteoclast responses to the hydroxyapatite
coated plates ‘and titanium plates with similar roughness.
Rat bone marrow stromal cells were cultured on these
plates t0 induce osteoblasts. The cells showed a signifi-
cantly enhanced proliferation on the hydroxyapatite sur-
face, accompanied by increase of osteoblastic phenotypes.
The co-cultured osteoclasts exhibited the significantly dif-
ferent cell number and morphology between the hydroxy-
apatite and the titanium surfaces. A series of osteoclast
marker genes were more stimulated on the hydroxyapatite
and thirty two percent of the hydroxyapatite surface area
could be resorbed by osteoclasts. The thin film sputtered

J. Hao - S. Kuroda (B<) - S. Kasugai

Section of Oral Implantology and Regenerative Dental
Medicine, Tokyo Medical and. Dental University,
1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8510, Japan
e-mail: skuroda.mfc@tmd.ac.jp

J. Hao - S. Kasugai
Global Center of Excellence (GCOE), Tokyo Medical
and Dental University, Tokyo, Japan

K. Ohya
Section of Pharmacology, Tokyo Medical and Dental University,
Tokyo, Japan

S. Bartakova
Department of Prosthodontics, Masaryk University,
Bmo, Czech Republic

H. Aoki
International Apatite Institute Co, Tokyo, Japan

hydroxyapatite could provide a favorable surface for both
osteoblast and osteoclast formation and their function,
indicating its good osteoconductivity and biodegradability.

1 Introduction

Hydroxyapatite (HA), Cajo(PO4)¢(OH),, is a well-known
bioceramic material for medical application because of its
close similarity to the chemical and mineral components of
teeth and bones. It has been used to provide bioactive
coatings for orthopedic and dental implants [1]. As early as
1960s, the concept of biological fixation of load-bearing
implants using HA coatings was proposed as an alternative
to cemented fixation, It has been reported that HA coating
could provide an excellent long-term success rate in a
minimum 10 years follow-up study [2]. Furthermore, the
HA coating degradation caused by osteoclastic resorption
is considered to be the result of the similar function taking
part in the bone remodeling as seen in any other part of the
skeleton [3].

A number of methods have been developed to deposit
HA coating including plasma spraying, Sol-Gel, pulsed
laser deposition, - ion-beam method and sputtering.
Currently plasma spraying is the major commercially
available technique for HA coating due to the high repro-
ducibility and economic efficiency of the process [4, 5].
However, problems cited with the plasma sprayed HA
coating include variation in bond strength between the
coatings and metallic substrate, non-uniformity in coating
density, poor adhesion between the coating and substrates,
microcracks on the coating surface and poor resistance to
delamination due to the coating process [4, 6]. Thereafter,
as an alternative to the plasma spray method, a radio fre-
quency magnetron sputtering technique has been
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investigated [7]. The sputtering technique has advantages
of depositing thin coatings (0.5-3 um) with strong adhe-
sion, compact microstructure and controlled elemental
composition [8]. However, it has been reported that it is
necessary to find an optimal heat treatment to inhibit the
dissolution properties of the coating by crystallizing the
film [9]. The conventional high temperature (>600°C) heat
_ treatment may result in the appearance of cracks in the
~ coating because of the difference in the thermal expansion
coefficient of Ca—P and metal substrate [7]. For this reason,
it is necessary to crystallize the HA film at low tempera-
ture. Ozeki et al. reported a hydrothermal technique at as
low as 110°C to crystallize sputtered amorphous HA film,
and the film-to-substrate adhesion strength increased by
over twofold. In vivo pullout tests, a 1.6 times higher bone-
bonding strength was achieved by the hydrothermal tech-
nique than by the plasma spray method [10]. After the
hydrothermal treatment, a surface morphology of needle-
like HA crystal was observed by scanning electron
microscopy. In addition, the proliferation and alkaline
phosphatase (ALP) activity of MC3T3-El can be greatly
improved by the hydrothermal treatment [11].

Bone is a dynamic tissue, and the long-term mainte-
nance of osseointegration of implant requires a continuous
remodeling of the bone-implant interface. Osteoclasts may
play an important role in the initial period after implant
placement or prepare the implant surface for the bone-
forming activity of the osteoblasts [12]. Several investi-
gators have examined the ability of osteoclasts to resorb
various forms of calcium phosphate. Gomi et al. reported
that osteoclasts form and are capable of resorbing sintered
HA and that the rugosity of the HA increases the formation
and resorptive activity of the osteoclasts [13]. In contrast,

- rabbit osteoclasts were found to resorb bone and sintered
carbonate apatite but not sintered hydroxyapatite [14].
Those contradictory results might be due to the different
sources of the osteoclasts and preparation of calcium
phosphates as to crystal structure, grain size and surface
roughness [12]. So far, there is no report regarding the
osteoclast response to sputtered HA surface.

In the present study, the rat bone marrow stromal
cell culture system was used to induce osteoblasts and a
co-culture system of primary mouse calvarial osteoblasts
and bone marrow cells was performed to entice osteoclast
differentiation. And then both osteoblast and osteoclast
formation and their function on the surface of the sputtered
HA' coating were compared to those on rough titanium
surface by examining cell proliferation, gene expression
and cellular morphological organization. Furthermore, HA
coating degradation was also evaluated. The main aim of
the present study was to investigate whether the sputtered
HA coating would behave in more favorable a manner than
non-coated surface-modified titanium substrates.

@ Springer

2 Materials and methods
2.1 Preparation of sputtered HA film on titanium plates

Commercially available grade 2 pure titanium plates
(20 x 20 x 1mm3) were used as substrates. Titanium
plates coated with or without sputtered HA were manu-
factured with similar surface roughness. Briefly, all the
titanium plates were sandblasted by fluorapatite crystal and
then subjected to an acid etching treatment. RF magnetron
sputtering was carried out on half of these plates using an
SPF-410H (ANELVA Corp.) chamber to produce a HA
film with an average thickness of 1.1 pm. Subsequently, a
hydrothermal treatment was performed at a temperature of
120°C in an electrolyte solution containing calcium and
phosphate ions for 20 h. The composition of the solution
was described in detail in the previous study [10]. All
samples were sterilized in an autoclave at 121°C for
28 min and packed in polypropylene bags separately.
Surface observation and elemental analysis were carried
out using scanning electron microscopy (SEM) (JSM-
5310LV, JOEL, Tokyo, Japan) and energy dispersive X-ray
spectroscopy (EDS) (EMAX-7000, Horiba Ltd., Kyoto).
The X-ray diffractometry pattern (XRD) was identified by
RINT1400 (Rigaku Corp., Japan) using a CuKo radiation
source operating at 50 kV and 100 mA excitation current.
The surface roughness (Ra) was determined using a surface
measurement tester (SURFCOM 130A).

2.2 Osteoblastic cell culture

Rat bone marrow cells were prepared according to the
method of Maniatopoulos et al. [15]. Briefly, rat bone
marrow cells isolated from the femora of 5 week-old male
Wistar rats were cultured on these plates placed in 6-well
culture dishes at a cell density of 10° cells/cm?, maintained
in a-MEM with 10% fetal bovine serum at 37°C in a
humidified atmosphere consisting of 95% air and 5% CO,,
After 24 h, the medium was removed and changed to fresh
one supplemented with osteogenic reagents (50 pg/ml
ascorbic acid, 10 mM p-glycerophosphate; 10 nM dexa-
methasone). The culture medium was changed every
2 days. :

2.3 Cell attachment and proliferation

After 24 and 72 h incubation, the culture medium was
removed and the wells were washed three times with
phosphate buffered saline (PBS) to eliminate unattached
cells. The adherent bone marrow stromal cells were fixed
and stained using fluorescent dyes, DAPI (molecular
probes, Invitrogen, USA), and observed under a fluores-
cence microscope (Biozero BZ-8000, Keyence). In
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addition, the proliferative activity of the cells was mea-
sured by BrdU incorporation during DNA synthesis. At day
2 of culture, BrdU reagent with the final concentration of
10 pM (Roche Applied Science, Mannheim, Germany)
was added to the culture wells and incubated for 10 h at
37°C. After the labeling process, the cells were fixed and
incubated with anti-BrdU-peroxidase working solution for
90 min. After washing, substrate solution (tetramethyl-
benzidine) followed by stop solution was added until color
development was sufficient for photometric detection.
Absorbance at 450 nm was measured using Wallace 1420
ARVOsx multi-label counter.

2.4 Measurement of DNA amount and ALP activity

Cells were washed with PBS, scraped, lysed by 0.1% Triton
X100 (Sigma, St. Louis, MO, USA), and sonicated to
destroy cell membranes. After centrifugation at 15,000 rpm
for 10 min at 4°C, 200 ul of the supernatant was extracted
from each sample and assayed for ALP activity and DNA
content measurements. To determine DNA content, 100 pl
of the prepared supernatant of each sample was mixed with
100 pl of 1 pug/ml Hoechst 33342 dye in the wells of a
96-well plate and processed with a fluorescent DNA quan-
tification kit (Bio-Rad Laboratories, Hercules, CA, USA).
The samples were then measured with the Wallace 1420
ARVOsx multi-label counter at excitation and emission
wavelengths of 365 and 460 nm, respectively. Subse-
quently, to assess the quantitative and kinetic determination
of ALP activity, 50 pl of the supernatant of each sample was
added to 100 pl working solution (p-nitrophenyl phosphate
solution) in the wells of another 96-well plate. The reaction
was measured with the multi-label counter at a wavelength
of 405 nm. ALP activity was normalized by total DNA
amount of each sample.

2.5 Mineralization assay

The mineralization capability of cultured osteoblasts was
examined at days 7 and 21. The cells were fixed with
methanol and stained with Alizarin Red. The area of
mineralized nodules of each sample was measured using
a computer image analyzer (Image J, National Institute
of Health, USA). To eliminate non-specific binding of
Alizarin Red Stain, nodules bigger than 0.2 mm? were
calculated. The result is represented as percentages of
Alizarin Red positive area over total culture area.

2.6 Osteoclastic cell culture
Osteoclasts generated by a co-culture system [16] were

also cultured on these titanium plates inserted in 6-well
culture dishes. Briefly, osteoblast (3 x 10° cells/well)

obtained by sequential collagenase digestion of newborn
mouse calvariae and bone marrow cells (3 x 10° cells/
well) obtained from femora and tibiae of 6 week-old
male ICR mice were co-cultured in the normal medium
(«-MEM, 10% fetal bovine serum) supplemented with
1078 M 1,25-(OH),-vitamin D5 and 107® M prostaglandin
E,. For osteoclast morphology and function assays, the
co-culture was also performed on ivory dentine slices and
polystyrene culture wells as control.

2.7 Osteoclast number and morphology

After 4, 5 and 7 days co-culture, cells were fixed with 3.7%
formaldehyde in PBS for 10 min and washed three times

“with PBS and permeabilized with 0.1% Triton X-100 in
- PBS for 5 min. The cells were rinsed three times with PBS

and treated with 1% bovine serum albumin for 10 min.
Cells were stained using fluorescent dyes, 5 units/ml Alexa
488 phalloidin (actin green color, Molecular Probes,
Invitrogen, USA) and 300 nM DAPI (nuclei blue color,
Molecular Probes, Invitrogen, USA). Subsequently, tar-
trate-resistant acid phosphatase (TRAP) staining was also
performed. In brief, cells were rinsed with ethanol-acetone
solution (50:50, v/v) for 1 min, and stained with TRAP
solution for 10 min at room temperature. To prepare TRAP
solution, 5 mg of naphthol AS-MX phosphate (Sigma,
USA)- was diluted in 0.5 ml of N,N-dimethylformamide
(Wako, Japan) and this solution was combined with 30 mg
of fast red violet LB salt (Sigma, USA) and 50 ml of 0.1 M
sodium acetate buffer (pH 5.9) containing 50 mM sodium
tartrate. TRAP positive cells with three or more nuclei
were considered as osteoclasts. TRAP positive cells and
cellular structures such as actin and multi-nuclei were
visualized using a fluorescence microscope (Biozero
BZ-8000, Keyence). The osteoclast number, area, perime-
ter and Feret's diameter were quantified by an image
analyzer (Imagé J, National Institute of Health, USA).

2.8 HA coating degradation

At osteoclast culture day 7, the HA samples were soaked in
1 M ammonia, and the cells were removed by sonicating
for 1 min. To analyze the HA coating degradation, element
distribution of the HA coating was performed by energy
dispersive X-ray mapping. The HA coated samples
immersed in the same culture medium for 7 days were used
as control. The coating degradation area was calculated by
Image J.

2.9 RNA isolation and real-time quantitative RT-PCR

Cells in both culture systems were lysed in TRIzol Reagent
(Invitrogen, USA) and total RNA was precipitated in

@ Springer



1492

J Mater Sci: Mater Med (2011) 22:1489-1499

isopropanol. First-strand cDNA was reverse-transcribed from
total RNA with SuperScript™ MIFirst-Strand Synthesis
System for RT-PCR (Invitrogen, USA). The expressionlevels
of osteoblast or osteoclast related genés were determined
_using the real-time quantitative reverse transcription-poly-
merase chain reaction (RT-PCR)..SYBR Green-based real-
time PCR analysis was carried out with the ABI Prism 7,300
Sequence Detection System (Applied Biosystems, Foster
City, CA, USA). Expression levels were determined using the
relative threshold cycle (Ct) method as described by the
manufacturer of the detection system. Expression levels were
stated interms of fold increase or decrease relative tothat of Ti
group at the first time point. This was calculated for each gene
by evaluating the expression 2724¢T where AACT is the
result of subtracting [Cr gene=CT GAPDHI(Ti calibratory from
[Creene—CroapprlHA group). The primers used are shown in

"~ Table 1.

2.10 Statistical analysis

All experiments were performed in duplicate, and results

were calculated as mean £ SD. Statistical analysis was

Table 1 Real time RT-PCR primers

performed by the statistic software 11.5 SPSS for Win-

“dows. ANOVA with Scheffe test was used for comparing

the significance among groups at each time point. z-Test
was used to determine the differences between the HA and
Ti groups if data were available at only one time point.
P values of less than 0.05 were considered to be statisti-
cally significant.

3 Results

3.1 The observations and characterizations of sputtered
HA coating

Fig. 1a showed the XRD pattern of sputtered HA coating.
The dotted lines and solid lines indicated the peaks of Ti
and crystallized HA, respectively. EDS analysis confirmed
the purity of the Ti (Fig. 1b) and the sputtered HA
coating (Fig. 1c). The Ra values of the Ti and sputtered
Ha coating were 1.25 4+ 0.26 and 1.13 £ 0.39 pm,
respectively. The Ca/P molar ratio was 1.70 4+ 0.13
(Table 2).

Gene Sequence Base pair ' Sequence reference

Mouse GAPDH (F) 5 -CTCCCACTCTTCCACCTTCG-3' 99 NMO008084
[R) 5'-TTGCTGTAGCCGTATTCATT-3’

Mouse TRAP (F) 5'-TACCTGTGTGGACATGACC-3' 151 BC029644
(R) 5-CAGATCCATAGTGAAACCGC-3’ )

Mouse v-ATPase (F) 5-TCCAACACAGCCTCCTACTT-¥ 161 AB022322
®R) 5 -ACAGCAAAGGCAGCAAAC-3' ,

Mouse CTR (F) 5-TCAGGAACCACGGAATCCTC-3’ " 101 NMO007588
R) 5-ACATTCAAGCGGATGCGTCT-3'

Mouse CathepsinK F 5 —TGTATAACGCCACGGCAAA»3’ 195 X044
[R) 5-GGTTCACATTATCACGGTCACA-3'

Mouse MMP-9 (F) 5-TCCAGTACCAAGACAAAG-3' 183 X72795
R) 5-TTGCACTGCACGGTTGAA-3’

Mouse RANKL (F) 5'-ACCAGCATCAAAATCCCAAG-3' 203 ABO008426
(R) 5-TTGAAAGCCCCAAAGTACGT-3' k

Rat GAPDH (F) 5-AACTCCCATTCTTCCACCTT-3' 200 M17701.1
R) 5-TCTCGTTCTCTCTCCGGGA-3' - .

Rat TGF-f1 (F) S-CAACAATTCCTGGCGTTACC-3' 200 NM_021578.2
R) 5-TTAGTTACCCTAGTCAGGGT-3' .

Rat ALP ® 5’—GTCACAGCCAGTCCCTCAAC—3’ 1202 NM_013059.1
R) 5'-GCTGAGGGGACAAACCTTAT-3’ ‘

Rat Coll (F) 5'-TTGACCCTAACCAAGGATGC-3' 197 NM_053356.1
R) 5-TTATGTTGCGTCTTCCCCAC-3'

Rat Runx2 (F) 5-GCCAGGTTCAACGATCTGAG-3' 201 NM_053470.1
R) 5'-CAAACAAGAGACTGGCGGAG-%

Rat osteocalcin (F) 5'-AGCTCAACCCCAATTGTGAC-3’ 190 M11777

R) 5-TTTCATACCTGCCGTGTCGA-3’
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Fig. 1 X-ray diffractometry (XRD) pattern of the sputtered HA film
(a). Energy dispersive X-ray spectroscopy (EDS) spectrum of the Ti
plate (b) and the sputtered HA coated Ti plate (c)

3.2 Enhanced attachment and proliferation of bone
marrow stromal cells on sputtered HA surface

Cell density was consistently greater on the sputtered HA
surfaces (Fig. 2b, d) than that on Ti surfaces (Fig. 2a, c¢) at
days 1 and 3. The proliferation determined by BrdU
incorporation also showed a significantly higher level on

the sputtered HA surface compared with Ti surfaces, con-

firming increased cell proliferation (Fig. 2e).

3.3 Enhanced osteoblastic phenotypes on sputtered HA
surface

ALP activity was measured on days 3, 7 and 14. In both
groups, ALP activity increased time dependently. In detail,
ALP activity was showing the same level on both surfaces
at day 3; however, cells on sputtered HA at days 7 and 14
~accelerated ALP activity at a significant higher level
~compared with those of the Ti group (Fig. 3a).
In addition, the area of mineralized nodule detected by
Alizarin Red stain was also greater on HA surface. At day

Table 2 Surface roughness and Ca/P ratio. (n = 3)

Sample Ra (pm) Ca/P
Ti 1.25 £ 026
HA 1.13 £ 0.39 170 £ 0.13

7, the HA group showed a 4.3 fold increase in nodule
formation compared to the Ti group (P < 0.01). Until day
21, the HA group still exhibited a higher level of nodule
formation than the Ti group (P < 0.05) (Fig. 3b). Real-
time PCR demonstrated mRNA expressions of osteoblastic

- marker genes of interest as fold changes to the control

level. Rat mRNA expression levels of ALP and TGF-§
were significantly increased on HA surface by day 7

(P < 0.05). However, the other genes including osteocal-

cin, collagen type I and runx2 showed significant increases
only at day 14 (P < 0.05) (Fig. 3c-g).

3.4 Osteoclast formation and morphometry

TRAP positive cells were observed in all experimental
groups as early as day 4 of the co-culture. The fluorescence
microscopy images of actin structures of these multinucle-
ated cells overlapped with the TRAP staining (Fig. 4a—h).

Osteoclasts could form on several substrates and then
exhibit different actin structures. Phalloidin fluorescence
staining showed that the actin ring sizes were increasing
from day 4 to day 7. Moreover, the actin ring structure on
the sputtered HA surface was consistently showing smaller
size compared to that on the Ti surface and the polystyrene
culture well, but almost the equal size to that on dentine
slice (control > Ti > HA =~ dentine) (Fig. 5a—c). Osteo-
clasts on Ti and polystyrene surface were exhibiting typical
podosome belts with loose actin network by small actin
dots, also called actin cloud (Fig. 4e, g). In contrast, the
osteoclasts on both HA and dentine were able to acquire
a sealing zone, represented by a dense band of actin
(Fig. 4a, c).

As shown in Fig. 5d, the number of osteoclasts on the
dentine or HA was larger than those on Ti and the control
surfaces throughout the culture period (P < 0.01). Signif-
icant difference of TRAP positive cell number between the
dentin and the HA groups was found only at day 4
(P < 0.01) but not at days 5 and 7.

3.5 Osteoclast function and HA coating degradation

To further confirm the functionality of the osteoclasts, the
mRNA levels of a series of their growth and differentiation
markers including receptor activator of nuclear factor -
kappa B ligand (RANKL), osteoprotegerin (OPG), TRAP,
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Fig. 2 Initial behavior of bone
marrow stromal cells on the Ti
and the HA surfaces. DAPI
staining of bone marrow cells
attached to the Ti (a, ¢) and the
HA (b, d) after 24 h (a, b) and
72 h (¢, d) incubation. The cell
proliferation was determined by
BrdU incorporation and the
absorbance measurement at
450 nm (e). And each column
represents values as the

mean = SD (n = 6).
*Statistically different between
HA and Ti groups (P < 0.05)

24h

72h

(e)

= e
= N N~ O
el 1 |

0.8

o
(0]
L

0.4 4

Absorbance
(BrdU incorporation/cell)

(=)
o N
L 1

Ti

vacuolar-type H-ATPase (v-ATPase), calcitonin receptor
(CTR), cathepsin K, and MMP-9 were analyzed by quan-
titative real-time RT-PCR. V-ATPase and the ratio of
RANKL/OPG mRNA expression were significantly
increased on HA than on Ti at day 5 and so were TRAP and
CTR transcription at day 7. However, no differences could
be observed in terms of Cathepsin K and MMP-9 expres-
sion (Fig. 6a—h).

After 7 days of culture, cells were removed from the
samples and the coating degradation was analyzed by
energy dispersive X-ray mapping. The elemental distribu-
tion of calcium, phosphorus and titanium was shown in
Fig. 7. The regions with HA degradation were indicated
with arrows in Fig. 7a—d, where, Ca and P were completely
absent. In addition, these regions were rich in Ti which
indicated the degradation of the HA coating and the tita-
nium substrate exposure. However, in the control group, no
coating degradation was observed after soaking in the same
culture medium for 7 days. Ca and P were homogeneously
distributed throughout the HA coating, and Ti could be
hardly detected (Fig. 7e-h). These results suggested that
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the coating degradation were mediated by osteoclastic
functional resorption but not HA chemical dissolution. The
osteoclastic degradation occurred in 32.3 £ 3.5% of the
sputtered HA coating.

4 Discussion

In this study, a rat bone marrow stromal cell culture was
performed to evaluate the osteoblast response on the HA
coated titanium. One advantage of cell culture systems is
that it can focus on a part of the physiological condition,
wherein interaction among the cells and signal molecules
can be clarified. Since the implant materials directly con-
tact bone marrow cells after implantation, it is advanta-
geous to use a culture system to investigate implant
materials as substrates for the cells [17]. The cell density
was consistently greater on the sputtered HA surface than
the Ti surface on days 1 and 3 of culture, wherein, by day
3, the cells had appeared to reach confluence on the HA
surface but not on the Ti surface. Notably, this increment of



