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Abstract. Abstract. Aim: The aim of this in vivo study was
to evaluate the utility of bone graft gel containing
hydroxyapatite nanoparticles in promoting bone regeneration
in a mouse model of vertical bone augmentation. Materials
and Methods: Gel implants with high and low viscosity were
compared for their bone regenerating ability. Bone formation
at 12 weeks and material reactions were observed
radiographically and histologically. Results: Radiological
analysis showed that most bone augmentation area in the
graft material occurred in the fourth week after surgery
regardless of the viscosity of the gel, and then gradually
decreased. The volume of bone augmentation area was
greater in the high-viscosity implant group than in the low-
viscosity implant group at all time points, the difference was
statistically significant at 8 and 12 weeks. Histological
evaluation indicated that the new bone area was significantly
smaller in the high-viscosity implant group. Conclusion:
Gelatinous graft materials containing hydroxyapatite
nanoparticles were confirmed to be useful in vertical bone
augmentation.

Graft materials used for formation of bone tissue in dentistry
include autologous bone, allogeneic bone, xenograft tissue,
and artificial bone (1-5). Although many approved bone
substitute materials are granular, problems remain concerning
operability and dissemination to surrounding tissues. There
are several clinical reports on the use of granular
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hydroxyapatite (HA) for filling of bone defects and creation
of the residual ridge (6-11). However, it is as difficult for
cells to invade this material as it is for them to infiltrate many
of the block and paste-formulation bone filling materials;
therefore, these materials persist for a long time, putting
patients at increased risk of secondary infection (12, 13).
However, paste and other gelatinous bone-filling materials
can easily be used to fill defects and have good operability,
hence they also allow for soft-tissue augmentation to be
performed simultaneously. Therefore, much research effort
has been focused on development of paste and gelatinous
bone-filling materials (14, 15).

Although HA has been used for many years as a non-
absorbable biocompatible bone substitute, more recently the
focus has been on the development of absorbable bone
substitutes (16-18). When the area of a bone defect is filled
with HA, the cycle of bone resorption by osteoclasts and
bone formation by osteoblasts resumes at the bone surface,
leading to the formation of new autologous bone. The highly
porous and nanometer-sized granules increase the activity of
osteoblasts, resulting in more rapid proliferation, adhesion,
and differentiation of bone cells (19). However, it has been
reported that the high porosity and small size of these HA
granules interferes with resorption of the graft and ingrowth
of bone (20) and that this problem can be overcome by use
of a porous HA/collagen composite containing calcined HA
nanoparticles that are completely absorbed and replaced by
bone (17, 18).

HA has been used in regeneration of soft tissue in the field
of otolaryngology, such as in vocal fold augmentation for
vocal fold paralysis (21-24). The product used in the studies
reported to date was Radiesse® injectable implant (CaHA;
Merz Pharmaceuticals GmbH, Frankfurt, Germany) (24) a
whitish paste formulation that can be used in either the clinic
or operating room. However, this product is extremely
viscous (similarly to Teflon but less dense) and lasts 3-6
months, it has been observed experimentally to not be
resorbed after 1 year (24).
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Research attention is now becoming increasingly focused
on HA nanoparticles, which are smaller than HA
microparticles. When the size of a particle is changed from
microscale to nanoscale, its solubility in water and ethanol
increases (25). Nano-HA filler materials have been used for
vascularization and regeneration of soft tissue in cosmetic
surgery (26) and yielded good results when used to aid
regeneration of bone tissue (27-29). In the studies published
thus far, HA nanoparticles have been formulated as granules,
in disc form, or complexed with collagen to form a sponge.
The purpose of this study was to evaluate the utility of a
bone graft gel containing HA nanoparticles for bone
regeneration in a mice model of vertical bone augmentation.

Materials and Methods

Preparation of bone graft materials. Two types of nano-HA gel
were used, one with high viscosity (containing 33% HA) and the
other with low viscosity (containing 30% HA), as shown in Table
I. Both types of nano-HA gel contained a glycerin and
carboxymethylcellulose matrix that was sourced from SofSera
(Tokyo, Japan). The average particle size was 40 nm. Both types of
gel were confirmed to be easily delivered via a syringe with a 25-
G needle (Figure 1). The high-viscosity implant gel was able to hold
its shape after pouring and had an irregular surface (Figure 1A),
whereas the low-viscosity implant gel was unable to maintain its
shape because of the dissociation of HA and water molecules
(Figure 1B). The gel of both types was coated on platinum to a
thickness of 20 pm to obtain conductivity and the surface roughness
of gels was examined using scanning electron microscopy (S-
4500/EMAX-7000®; Hitachi, Ltd., Tokyo, Japan) (Figure 2).

Surgical procedures. Fourteen 10-week-old male BALB/C-Slc
nu/nu mice were acquired for use in this study. All animal
procedures were performed in accordance with the guidelines of
Tokyo Medical and Dental University for the care and use of
laboratory animals. The study protocols were approved by the
Institutional Animal Care and Use Committee of Tokyo Medical and
Dental University (approval number: A2019-151A).

For each mouse, anesthesia was induced by inhalation of
isoflurane. An approximately 15-mm incision was then made in the
neck region without elevation of the periosteum of the calvaria. The
tip of a 25-G needle was then inserted 2 mm anterior to the most
posterior portion of the calvaria, and 500 pl of high-viscosity (n=7)
or low-viscosity (n=7) implant gel were injected under the
periosteum in the center of the calvaria (Figure 3). After
implantation, the flap was repositioned and the skin incision was
closed. The mice were monitored postoperatively for signs of
wound dehiscence and infection. At 12 weeks after implantation, the
mice were euthanized using CO, gas. The calvarias were then
resected en bloc and the segments were immediately placed in 10%
formaldehyde solution.

Radiographic analysis. The bone augmentation volume was
examined in vivo using micro-computed tomography (CT) at 0, 4, 8,
and 12 weeks after surgery. Mice were scanned using an R_mCT2
micro-CT system (Rigaku Corp., Tokyo, Japan) with a voltage of 90
mV, current of 160 mA, and field of view of 20.0 mm. All mice were
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Table 1. Summary of the composition of the two gel materials used in
this study.

High-viscosity gel =~ Low-viscosity gel

Hydroxyapatite™, wt.% 330 30.0
Water, wt.% 54.6 57.6
Glycerin, wt.% 11.3 11.3
Carboxymethyl cellulose, 1.1 1.1
wt. %

*Cay(PO4)(OH),.

anesthetized with subcutaneous injection of medetomidine
hydrochloride and ketamine hydrochloride for the in vivo micro-CT
scans. Changes in bone augmentation volume were evaluated at 0,
4, 8, and 12 weeks on micro-CT images obtained from Digital
Imaging and Communications in Medicine files using image
processing software (ImageJ, National Institutes of Health, Bethesda,
MD, USA) and compared with the values recorded immediately after
surgery. Maximum bone augmentation height was measured in the
same way as volume analysis using image processing software
(RadiAntDICOM Viewer; Medixant, Poznan, Poland).

Histological analysis. At 12 weeks after surgery, decalcified
specimens were prepared from the formalin-fixed tissue,
dehydrated in ascending grades of ethanol, and embedded in
methyl methacrylate blocks according to the manufacturer’s
instructions. Next, the blocks were sliced into thin (30-38 pum)
sections using a sliding microtome. The sections were then stained
with hematoxylin and eosin and examined under a light
microscope. The ratio of the augmentation material to the area of
new bone was calculated using ImagelJ software (National Institutes
of Health, Bethesda, MD, USA).

Statistical analysis. All data were recorded in Microsoft Excel 2016
(Redmond, WA, USA). Radiographic evaluation of the bone
augmentation volume and height, and histological analysis of the
residual material and new bone were performed using f-test
(comparison among groups) and Tukey's multiple comparison test
(comparison among points). All statistical analyses were performed
using SPSS for Windows (IBM Corp., Chicago, IL, USA). A p-
value of less than 0.05 was considered statistically significant.

Results

Scanning electron microscopic images of the surface of each
implant gel are shown in Figure 2. The high-viscosity
implant gel had an irregular appearance, maintained its
shape, and contained granules of varying size. In contrast,
the low-viscosity implant gel had a more regular appearance,
partially maintained its shaped but tended to flatten out, and
contained granules of fairly uniform size. Both the high-
viscosity and low-viscosity implant gels were easily and
successfully injected under the periosteum using a 25-G
needle with good operability. At the time of injection, no
major difference was observed between the two materials.
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Figure 1. Gel implants containing nano-hydroxyapatite particles. A: High-viscosity gel. B: Low-viscosity gel.
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B

Figure 2. Scanning electron microscopic images of the nano-hydroxyapatite gel implants. (x20,000). A: High-viscosity gel. B: Low-viscosity gel.

The cranial portion of the graft expanded after injection
until week 4; when the graft was punctured, an almost
transparent exudate flowed out. None of the mice showed
clinical symptoms, such as gel-related dehiscence or
infection, during the 12 weeks of follow-up. Furthermore,
none of the mice died during the study period.

Micro-CT analysis. Representative examples of micro-CT
images obtained at each time point are shown in Figure 4.
Both types of graft material gradually decreased in volume
and were replaced by regenerated bone. Furthermore, the
low-viscosity implant gel was found to contain solid and
liquid components; however, the cavity region was thought
to contain the liquid portion, which eventually disappeared
in all cases.

The bone augmentation volume and height achieved by
each type of implant gel at 0, 4, 8, and 12 weeks is shown

in Figures 5 and 6. A higher volume was found at all time
points in the specimens injected with the high-viscosity
implant gel than in those injected with the low-viscosity gel.
The increase in volume reached a peak at 4 weeks after
surgery, with a gradual decrease in volume noted from 8
weeks onwards and a significant difference was observed
between the groups at 8 and 12 weeks. Low-viscous implant
gel resulted in a greater height than the high-viscous gel at
all time points, being significantly so at 8 weeks.

Histological analysis. At 12 weeks after surgery, new bone
formation in the bone augmentation region was detected in
both gel implant groups (Figure 7). The graft material was
visible in the new bone in both groups but was absorbed and
substituted with bone to a greater extent in the group injected
with the low-viscosity implant gel and in which many
osteoblasts were visible.
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Figure 3. Photograph showing injection of 500 ul of nano-hydroxyapatite
gel under the periosteum in the central portion of the mouse calvaria.

The ratios of residual graft material to new bone in the
bone augmentation region are shown in Figures 8 and 9.
There was no significant difference in the area containing
residual material between the high-viscosity and low-
viscosity implant groups (21% vs. 28%) but the new bone
area was significantly greater in the low-viscosity group than
in the high-viscosity group (35% vs. 26%).

Discussion

Sintered HA has been established as a biocompatible and
osteoconductive bone filler (30-33). However, it is poorly
absorbed and remains in the body for the rest of the patient’
s life, and there is an ever-present risk of secondary infection.
Degradation of HA in vivo occurs by aqueous dissolution in
body fluids, resorption by osteoclasts and multinuclear cells,
and phagocytosis by macrophages. The degradation process
is slow, but absorbent materials that can be replaced with
autologous bone have recently been developed (16-18). HA
nanoparticles can now be used to repair a bone defect because
they are resorbed more rapidly, and the new bone tissue
formed is a biocomposite of organic collagen and inorganic
HA nanoparticles (27-29). More bioactivity is achieved by
use of HA nanoparticles in synthetic grafts with crystals
resembling natural bone than by use of larger HA particles.
HA nanoparticles also have a positive effect on protein
adhesion, cell adhesion, and proliferation (34, 35). Recent
studies suggest that nanocrystalline HA powders have
improved sinterability and densification as a result of their
greater surface area (36). However, these powders are
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Figure 4. Micro-computed tomographic images showing bone augmentation
at different time points.

difficult to shape into the specific form required for bone
repair and implantation because of their intrinsic hardness,
fragility, and lack of flexibility. We used glycerin and sodium
carboxymethylcellulose as the gel carrier for injection in this
study. This is the same matrix as that found in Radiesse paste,
which is already used for regeneration of soft tissue and has
a confirmed safety profile (37). There are several reports on
the use of nanocrystalline HA powders for bone regeneration
(27-29). Conventional vertical augmentation of bone
normally consists of guided bone regeneration using an onlay
bone graft. These methods involve surgical procedures with
a high risk of complications and failure (38). Therefore, a
bioactive injectable scaffold might be an attractive alternative
that can prevent the need for invasive ridge augmentation
surgery.

A variety of composite scaffolds have been used to
remodel bone, including bone morphogenetic protein (28)
and HA nanoparticles in mesenchymal stem cells (27).
Hatakeyama et al. (29) used a nano-HA-collagen complex in
the rat cranium and found that nano-HA degraded by
releasing a small amount of calcium and phosphate ions and
had the ability to form new bone with angiogenesis.
However, to our knowledge, there have been no reports on
the usefulness in bone regeneration using bone substitutes
composed only of HA nanoparticles. Therefore, we aimed to
evaluate the usefulness of gel-like bone substitutes
containing HA nanoparticles for bone augmentation in vivo.

Our radiological analysis showed that the greatest
increase in bone volume occurred in week 4 after surgery,
regardless of the viscosity of the graft material, and
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Figure 5. Mean volume of bone augmentation area at 0, 4, 8, and 12 weeks after injection of each type of nano-hydroxyapatite gel. The error
bars indicate standard deviation. *Significantly different at p<0.05.

25

— — 1%
o 3] (=]

Mean height (mm)

2
o

0.0

Low High Low High Low High Low High

Immediately 4 Weeks 8 Weeks 12 Weeks
after surgery

Figure 6. Mean maximum height of bone augmentation at 0, 4, 8, and 12 weeks after injection of each type of nano-hydroxyapatite gel. The error
bars indicate standard deviation. *Significantly different at p<0.05.
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2.0 mm

Figure 7. Histological images of hematoxylin and eosin-stained bone tissue 12 weeks after implantation of low-viscosity (A) and high-viscosity (B)
gels at low magnification (upper panel) and high magnification (lower panel). RG: Residual graft materials; NB: new bone.

gradually decreased thereafter. This pattern of change in
volume might reflect the initial absorbance of water from
the surrounding tissues and its subsequent disappearance
with expansion of the graft material component. However,
a more detailed evaluation will be necessary. The bone
augmentation volume was greater in the high-viscosity
implant group than in the low-viscosity implant group at all
time points, although the difference was statistically
significant only at 8 and 12 weeks. It is likely that the
decrease in the rate of expansion of bone volume from week
4 postoperatively onwards was due to the transplanted
material being replaced with new bone and absorbed over
time. On the other hand, maximum bone augmentation
height in CT image indicated a pattern that was reverse to
that for volume. The high-viscosity implant gel tended to
expand horizontally, whereas the low-viscosity implant gel
was augmented vertically. It was thought that liquid
components of the low-viscosity implant gel which had
separated by the fourth week influenced augmentation
vertically. Because the high-viscosity gel maintained its
condition without water separating, it was speculated that
when the gel was pressed against the skull it expanded.
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Histological evaluation at 12 weeks indicated that the new
bone area was significantly greater in the low-viscosity
implant group than in the high-viscosity implant group
(35% vs. 26%). There was no significant difference in the
area of the graft material between the high- and low-
viscosity implant groups (13% vs. 12%). We believe that
more new bone volume was achieved in the augmentation
region in the group that received the low-viscosity implant
gel because this gel was substituted for bone more rapidly
and resulted in more rapid bone remodeling. The low-
viscosity implant gel contained less HA, which would have
resulted in an increased volume of water at the bone
regeneration site. Therefore, the low-viscosity gel would
have dispersed more readily, with increased infiltration of
the cell component and earlier remodeling of bone, leading
to increased formation of new bone. Currently available
injectable nano-HA gel materials may be effective for bone
augmentation and might potentially reduce surgical
complexity, likelihood of exposure of graft material, and
risk of infection. In this study, bone augmentation was
achieved with a minimally invasive procedure using a single
subperiosteal injection of nano-HA gel without the need for
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Figure 8. Mean residual material occupancy rate for augmented portion
of bone. The error bars indicate standard deviation. *Significantly
different at p<0.05.

further administration of stem cells or growth factors.
However, given that this experiment was conducted over a
relatively short period of 12 weeks, longer-term evaluation
will be needed. Additional studies that include the use of
nano-HA gel at other anatomical sites in other species will
also be required.

Our findings indicate that gelatinous graft materials
containing HA nanoparticles are useful for vertical bone
augmentation. Greater bone augmentation was achieved
using the high-viscosity gel compared with the low-viscosity
gel; however, new bone area was significantly greater with
the low-viscosity gel. Injection of nano-HA gel is a
minimally invasive procedure with potential utility in bone
augmentation.
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