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Abstract

Excellent firm bonding between the biomaterials and bone tissue (osseointe-
gration and osteo-conductivity) has been desired for the stability in vivo of
dental implants and artificial joints. Much has been learned about this con-
cept, which has led to significant improvements in the design and surface
modification of implants in the field of implant dentistry, orthopedic surgery.
We have already reported that low-intensity pulsed ultrasound (LIPUS) ir-
radiation can accelerate the bone bonding ability of the bio-conductive mate-
rials such as bioactive titanium and hydroxyapatite implant. However, it is
still unclear whether the LIPUS could have same effect to different types of
the bioactive-materials. Therefore, in this study, the differences of bone-like
hydroxyapatite formation on some kind of hydroxyapatite surface in simu-
lated body fluid (SBF) under the LIPUS irradiation were investigated. Two
kinds of hydroxyapatite samples immersed in SBF was exposed to ultrasound
waves, the bone-like apatite on the surface was analyzed by Scanning electron
microscopy and X-ray diffraction. As a result, the enhancement of hydroxya-
patite formation on the surface by LIPUS was confirmed, the initial epitaxial
nucleation and crystal growth of apatite depended on crystal structure of the
surface of matrix materials.

Keywords

Low-Intensity Pulsed Ultrasound (LIPUS), Simulated Body Fluid (SBF),
Hydroxyapatite (HA), Osseointegration, Osteo-Conductivity

1. Introduction

The favorable clinical performance of current dental implants and artificial joints

DOI: 10.4236/msa.2021.121003 Jan. 20, 2021 42 Materials Sciences and Applications


https://www.scirp.org/journal/msa
https://doi.org/10.4236/msa.2021.121003
https://www.scirp.org/
https://doi.org/10.4236/msa.2021.121003
http://creativecommons.org/licenses/by/4.0/

M. Kobayashi

replacement have been attributed to their firm bonding through direct contact
between living bone and the surface of the load-carrying implant at the micro-
appearance level, which is often recognized as an osseointegration or osteo-con-
ductivity [1] [2]. In particular, hydroxyapatite (HA; Ca;o(PO4)s(OH);) has an
excellent biocompatibility and bio-conductivity properties; therefore, it has be-
come widely used as a coating material for dental implants and artificial joint [3]
[4].

From a clinical viewpoint, more early bonding between a dental implant and
the maxilla bone, or artificial joint stem and femoral bone will accelerate the onset
of activity of patients sooner after an operation, with subsequent good long-term
results. Therefore, approaches have been needed to accelerate osseointegration
or bone bonding to HA material. Against this background, to enhance the direct
attachment of implants with bone tissue, basic and clinical studies have tried [5]
(6] [7].

We have already reported that low-intensity pulsed ultrasound (LIPUS) ir-
radiation could accelerate bone-like hydroxyapatite precipitation on the bioac-
tive titanjium and hydroxyapatite surface, which results in firm bone bonding of
implant [8] [9] [10]. This finding suggested the excellent attachment between the
bio-active materials and bone tissue needs the achievement of bone-like crystal-
line formation on material surface, and that is not due to biological circumstances
but the factor as physical phenomenon as a osseointegrarion mechanism. LIPUS
therapy has been shown to enhance osteogenesis and is widely used as clinical
treatment for complicated bone fractures in the field of orthopedic surgery, while,
our study implied further potential as other clinical application of LIPUS. How-
ever, it is still unclear whether the ultrasound wave irradiation could have same
effect to different types of the HA samples. Therefore, to get more information
regarding clinical application for the enhancement of bone-implant attachment
by the ultrasound wave irradiation, in this study, the differences of bone-like
apatite formation on some kind of HA surface in simulated body fluid (SBF) un-

der LIPUS irradiation was compared and investigated.

2. Materials and Method

As a basic bone-bonding ability test, a simulated body fluid (SBF) soaking me-
thod was performed in accordance with the method of Kokubo and colleagues in
order to evaluate the apatite-forming ability of bio-active titanium and Bio-glass
ceramics [11] [12] [13].

As an HA specimen, two kinds of commercial HA, CELLYARD pellet® (HOYA,
Japan; 99.9% HA: Sample-1 @ 5 mm x 2 mm) and NEOBONE-X" (Covalent
Materials Co., Japan: Sample-2.) were used.

Hank’s balanced solution (Lonza®, USA) was used as an SBF, and maintained
at over pH 7.0 and 37°C and replaced every 2 days.

Ultrasound radiation was applied using a Sonic Accelerated Fracture Healing
System (SAFHS; Smith & Nephew, Memphis, TN, USA; Teijin Pharma, Tokyo,

DOI: 10.4236/msa.2021.121003

43 Materials Sciences and Applications


https://doi.org/10.4236/msa.2021.121003

M. Kobayashi

Japan). The treatment head module delivered ultrasound waves with 1.5 Hz sine
waves, 200 psec signal term, and spatial average intensity of 30 mW/cm?

Each HA sample was soaked in SBF and subjected to ultrasound stimulation
for 20 min daily for study periods of 3 days, 1 week, and 2 weeks. As a control,
the same samples were left in SBF without ultrasound radiation in the same ex-
perimental conditions (Figure 1).

In order to compare with the effect of ultrasound waves, the HA surface was
subjected to scanning electron microscopy (SEM) observation and X-ray diffrac-
tion (XRD) analyses, which focused on the top surfaces that received the direct
radiation with ultrasound waves.

Furthermore, the each changes of sample mass were measured periodically.
The value of the increased mass obtained dividing by the surface area was de-
fined as the amount of precipitate per unit of surface area of the material. Statis-
tical analysis of the data was performed using t-test and the mean and standard
deviation were calculated. Repeated measures ANOVA was used for comparisons

between two groups, and the level of significance was determined to be at p < 0.05.

3. Results

3.1. Scanning Electron Microscopy Observations
3.1.1. The Comparison of SEM Image between LIPUS Group and Control
Group

Figure 2 shows SEM images of the texture of the HA specimen surface in the
LIPUS and control groups in the immersion experiments after 3 days, 1 week,
and 2 weeks.

In both groups, morphological changes in the precipitations on the HA sub-
strate surface are present according to the length of the soaking period.

As for the comparison of control group and LIPUS group, the crystallization
changes on the surface demonstrated more active progress and growth in the
LIPUS group in both cases of HA samples-1 and 2.

SBF element
Hank's Balanced ® SAFHS Teijin Home Health

i y
Salt Solution 20 min/day )
Soaking fi 37.0°C 1
oaking time 00 I
3 days . "
1 week |
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Figure 1. Schematic diagram of pulsed ultrasound wave radiation on HA specimens in SBF.
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Figure 2. Scanning electron microscopy (SEM) micrographs of the surface
of HA specimens after SBF soaking (1000x). (a) Sample-1 (CELLYARD
pellet®); (b) Sample-2 (NEOBONE-X°).
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3.1.2. The Comparison of SEM Image between Two Kinds of HA Samples
Figure 3 shows SEM images of the texture of two kinds of HA sample surfaces
in the LIPUS after 3 days, 1 week, and 2 weeks in the SBF immersion.
Comparing sample-1 and sample-2, the amount of precipitation in 3 days
showed significant difference each other. Depending on the LIPUS irradiation
time, the rapid crystallization of both samples had been succeed, finally covered
the surface matrix with similar grain-like morphology. This suggested that LIPUS
could be effective for acceleration of the crystal growth rather than initial nuc-

leation.

3.2. X-Ray Diffraction Analysis (XRD)

The compounds on the HA surface were also identified by XRD. The XRD pat-
terns of two kinds of HA samples before/after SBF soaking are shown in Figure 4.

Before soaking in SBF, the XRD patterns of both of samples indicated the hy-
droxyapatite structure, the reflection spectra of the sample-1 surface were fo-
cused on one point, while sample-2 showed some peaks of hydroxyapatite. After
soaking for 2 weeks, more discrete spectra of apatite were observed in sample-2.
There were many identified other peaks in both specimens surface, they were

speculated to be unfinished hydroxyapatite crystals under the crystallization.

>ample 1 (C YARD) Soaking Sample 2 (NEOBONE-X)
Time
3 days

10Fm

X3,000 1Smm

1 week
e E—— 10Fm
1 18KV X3,000 39%mm

2 weeks

Figure 3. SEM micrographs of the surface of two kinds of HA samples after SBF soaking.
(1000x).
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Figure 4. X-ray diffraction (XRD) of the HA surface before/after soaking in SBF. (a) Be-
fore SBF soaking; (b) After SBF soaking for 2 weeks.

These data suggested a series of chemical processes in which the precipitation
observed in SEM images were adsorbed and deposited onto the HA surface, and

then transformed from calcium phosphate into hydroxyapatite crystalline.

3.3. Measurement of the Mass of Ca-P Crystallization

Figure 5 shows the measured sample mass change between before and after SBF
soaking, which presents the mass of bone-like precipitation (calcium phosphate
crystalline) on HA sample surface. In low-intensity pulsed ultrasound (LIPUS)
stimulation group, this precipitate showed significant increases as compared
with that in the control group after 1 week and 2 weeks of soaking in SBF (p <
0.05).
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Figure 5. Soaking time dependence of the mass of the precipitation formation on HA
surface of specimens (radiation distance: 50 mm).

4. Discussion

The simulation method using SBF soaking in this study is well known as an in
vitro assay for the evaluation of bone-bonding ability of biomaterials, and it has
been already used widely for studies on osteoconductivity [7] [14] [15].

According to Kokubo, who developed SBF, the osseointegration of biomateri-
al was mainly due to mechanisms involving similar steps: firstly calcium phos-
phate precipitates and grows on the implant material surface as bone-like apa-
tite, then this apatite layer undergoes secondary progression in bonding to the
bone tissue grown by biological mechanisms in vivo, and further biological bone
modeling surrounding the implant follows. Therefore, successful 7n vivo bone-
bonding of bio-active material is dependent on the first apatite formation step
on the surface.

LIPUS therapy has been shown to enhance osteogenesis and is widely used as
clinical treatment for complicated bone fractures in the field of orthopedic sur-
gery, and it is often speculated that the enhancement of osseointegration of HA
implants using LIPUS might be mainly due to bone ingrowth of bone tissue
surrounding the implant.

However, as shown by our results from the SBF soaking test, non-biological
bone-like apatite formation on the material is also enhanced by LIPUS. This fact
indicated that the partial concentration and interatomic potential of Ca and PO,
ions in SBF can be changed by ultrasound microvibration, which accelerated the
nucleation and deposition of ions, resulting in the crystallization of calcium
phosphate on the specimen surface. Cavitation by ultrasound waves might also
contribute to the formation of the apatite layer by means of the microfracturing
of calcium-phosphate and the circulation of new Ca and PO, ions of SBF on the

titanium surface. These environmental changes can accelerate further changes in
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the interatomic potential of surrounding atoms, and deteriorate the thermal sta-
bility of the calcium-phosphate phase versus Ca and PO, ions.

This also supports other clinical reports, and strongly suggests the possibility
of the enhancement of osseointegration using LIPUS [16] [17].

In addition, since our data indicated the enhancement mechanism of apatite
formation on HA surface by LIPUS can progress through not only the biological
pathway but also crystallographic apatite crystallization on the implant surface,
the initial stage of osseointegration and osteo-conductivity could be depend on
the modification and characterization of the HA surface as a crystallization me-
chanism.

Both of two kinds of HA sample used in this experiment were high density
hydroxyapatite, while, have a little different lattice structure as shown in Figure
5(a). The difference of initial size and amount of apatite crystalline on HA sam-
ples in soaking for 3 days in Figure 4 might reflect this difference of microstruc-
ture of HA surfaces.

The following Figure 6 shows the SEM images of both HA samples in soaking
for one day. The shape of apatite precipitation in both sample surfaces are qua-
drangular plate-like type, which suggested that this nucleation and epitaxial growth
might proceed in Stranski-Krastanov (SK) mode or Volmer-Weber (VW) mode.
Considering the hydroxyapatite lattice structure, the epitaxial nucleation and
crystal growth of these crystallizations in two samples would form along to the

direction of c-axes in hydroxyapatite crystal lattice, however, the amount of them

Spample 1

_ 18Fm
18KV X1,000 39mm

1 <
~5a|<u‘ Jl.p0a ;7’ mm ><3 eea 39mm
S J

Figure 6. SEM image of the HA implant surfaces in SBF soaking for one day. (a) 1000x;
(b) 3000x.
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showed apparent difference. Since atomic arrangement of calcium phosphates
spontaneously match with the faced matrix atomic orientation and integrate the
structure and finally form the crystallization in nucleation process in SBF, this
SEM image make us speculate that Sample-2 surface has more adequate epitaxial
interfaces for initial nucleation. X-ray diffraction pattern in Figure 4, which
showed that sample-2 revealed more apatite reflection spectra, also indicated the
sample-2 is composed of many hydroxyapatite grains with different crystal orien-
tation.

As SEM images already have suggested, LIPUS could accelerate the crystal
growth of bone-like apatite after the initial nucleation. For initial epitaxial nuc-
leation, however, the crystallographic characteristics of HA surface should be
considered.

This study suggested the therapeutics using LIPUS may be expected as a clinical
approach to improving the bone-HA implant bonding, while, the micro-surface
structure and crystal orientation of HA surface were also very important for the
enhance of apatite formation, osseointegration and osteo-conductivity by LIPUS.

5. Conclusions

This study suggested that the clinical application of LIPUS irradiation has great
potential for the enhancement of osseointegration or bone attachment of HA
implants through the promotion of nucleation and crystallization of bone-like
apatite on implant surfaces. Furthermore, the crystallographic characteristics of
HA surface should be also considered.

In order to get more detail information regarding clinical application for the
enhancement of bone-like apatite formation by the ultrasound wave irradiation,
further study concerning the apatite formation on the surface of more different

kind of HA microstructure would be necessary.
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