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Barrier membrane-free guided bone regeneration (GBR) with a synthetic scaffold may resolve the
current challenges in vertical bone augmentation. To realize such GBR, we fabricated carbonate apatite
honeycomb (HC) scaffolds capable of preventing soft tissue invasion and enhancing bone ingrowth.
These HC scaffolds with 230-, 460-, and 630 pm-aperture channels were designated as HC230,
HC460, and HC630, respectively. They were constructed by interconnecting carbonate apatite
microspheres; they possessed micropores and nanopores in the struts and were implanted on the rabbit
calvarium. The amount of new bone and soft tissues in the HC scaffolds significantly increased and
decreased, respectively, with the decrease in the channel aperture size. The new bone height in HC230
at 4 and 12 weeks post-implantation was 3.4 + 0.5 and 3.8 + 0.2 mm, respectively, reaching the top
edge of the struts. The percent volume of new bone in HC230 at 4 and 12 weeks post-implantation was
38.6% + 2.2% and 49.9% + 15%, respectively. These findings demonstrated that HC230 augmented
faster, higher, and a greater amount of vertical bone growth than the reported combinations of scaffolds
and growth factors or barrier membranes. Therefore, the multiscale-architectural control of HC
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Introduction

Long-term clinical success of dental implants depends on the
height and volume of the alveolar bone available.™* Therefore,
alveolar bone augmentation is necessary when there is insuffi-
cient bone. Among various bone loss configurations, the aug-
mentation of bone loss vertically is extremely challenging
owing to the low supply of osteogenic cells from the residual
bone.**

The gold standard for vertical bone augmentation is auto-
genous bone graft. However, autogenous bone grafts have
several limitations, such as (1) donor site morbidity, which
reaches 25%; (2) post-surgery pain; (3) nerve and soft-tissue
injuries; (4) increased intra-operative time; (5) limitation in
the quantity of bone harvested; and (6) reduced amount of
harvested bone, because the majority of the osteogenic cells in
the harvested graft do not survive the harvest and transplanta-
tion procedures.’™

Guided bone regeneration (GBR) is another common technique
for bone augmentation.’®’* The advantage of GBR is that it
hinders the unwanted migration of faster-growing epithelial
cells and connective tissue fibroblasts into the bone defect,
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scaffolds may pioneer barrier membrane-free GBR.

thereby allowing the migration of slower-growing osteogenic
cells."®™* To achieve this principle in GBR, a barrier membrane
that physically blocks the invasion of soft tissues into the bone
defect is placed between the soft tissues and bone defect.'®™?
Bone grafts and substitute materials are implanted in the
bone defect to provide structural support and promote bone
regeneration.

GBR provides a relatively predictable outcome for bony
defects."® Nevertheless, GBR still provides limited and unpre-
dictable bone for vertical extra-cortical bone augmentation, and
the frequency of complications and failures is too high (well
over 20%)."*"° These unfavorable outcomes of GBR for vertical
bone augmentation could be attributed to the use of barrier
membranes. Currently used barrier membranes are divided into
non-resorbable and resorbable.’” The use of non-resorbable
barrier membranes (e.g., polytetrafluoroethylene, expanded poly-
tetrafluoroethylene membrane, and titanium mesh) requires a
secondary surgery for membrane removal, and the membrane
stiffness often causes soft tissue dehiscence, resulting in wound
infection and an extended healing period.'®>* Resorbable barrier
membranes (e.g., polylactide, polyglycolide, polycaprolactone,
and collagen) provide less volume stability during bone repair,
because of the faster resorption, than the complete bone regen-
eration (3-6 months), resulting in the premature loss of mechan-
ical properties.”® The biodegradation of these membranes causes
an inflammatory reaction in the soft tissue.>* Considering these

© 2021 The Author(s). Published by the Royal Society of Chemistry
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severe problems associated with autologous bone and barrier
membranes, GBR with only synthetic scaffolds without a barrier
membrane, which we named “barrier membrane-free GBR,”
would be ideal for bone augmentation.

Granular scaffolds are widely used as bone substitute mate-
rials for intra-bone defects in the dental field. For vertical bone
augmentation, block-type scaffolds are considered favorable,
because they facilitate shape forming and maintain the handle-
ability, which are difficult when granular scaffolds are used.
Various block-type scaffolds have been reported;*>*® however,
their ability for vertical bone augmentation is limited, and they
need a combination of bone morphogenetic protein (BMP),>*™®
growth factors,® and stem and/or progenitor cells for favorable
outcomes.’*** These combination approaches have several
limitations, including severe swelling, cyst-like tissue for-
mation, high cost, osteoclastic bone resorption, cumbersome
procedures, and/or invasive manipulation requiring a mini-
mum of two surgeries.** ™’

Scaffolds with uniaxial channels from the bottom face
contacting the host bone to the top face, such as honeycomb
(HC) scaffolds, are favorable for vertical bone augmentation,
compared to three-dimensional (3D) porous scaffolds.*® In 3D
porous scaffolds, pores are present in all peripheries. There-
fore, a large portion of the 3D porous scaffold is in contact with
fibrous tissues, facilitating the entrance of fibrous tissues into
the scaffold. In contrast, uniaxial channels in HC scaffolds
open only in the specific two faces, thereby restricting the entry
of fibrous tissues. In HC scaffolds, one edge of the channel
contacts the host bone and the fibrous tissues enter only from
the other edge of the channel. Therefore, by promoting fast
bone ingrowth from the HC scaffold face contacting the host
bone, compared to the fibrous tissue ingrowth from the other
face, barrier membrane-free GBR could be achieved.

The pore size of the barrier membrane in the GBR influences
the invagination of soft tissue and the penetration of oxygen,
nourishment, and fluid required for osteogenesis.’****° The
channels of the HC scaffolds can be considered as pores of the
barrier membrane. Previously, we demonstrated that osteogen-
esis in the HC scaffolds could be controlled by controlling their
channel size."™*" We did not evaluate the effects of channel
aperture size > 300 um on the tissue responses; however, we
demonstrated that both osteogenesis and angiogenesis were
substantially promoted when the channel aperture size was
> 230 um.*>*" Based on these findings, we hypothesize that
controlling the HC channel aperture size could make the bone
ingrowth dominant, compared to that of the soft tissue
ingrowth.

In addition, we demonstrated that the osteoconductivity and
bioresorbability of HC scaffolds could be controlled by control-
ling their micropore and nanopore structures.*>** The
chemical composition of HC scaffolds affects their osteocon-
ductivity and bioresorbability. HC scaffolds composed of
carbonate apatite (CAp), that is, bone mineral, are superior in
terms of replacement by new bone, than B-tricalcium phos-
phate (TCP) and hydroxyapatite (HAp).***> Based on these
findings, we fabricated HC scaffolds by interconnecting CAp

© 2021 The Author(s). Published by the Royal Society of Chemistry
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microspheres (~5 pm in diameter), to introduce micropores
and nanopores to HC struts, resulting in enhanced osteo-
genesis and angiogenesis.*!

In this study, we fabricated three types of HC scaffolds by
interconnecting CAp microspheres with different channel aper-
ture sizes (~230, 460, and 630 um). We demonstrated the
effects of HC channel aperture size on the ingrowth of bone
and soft tissues by evaluating vertical bone augmentation of
these HC scaffolds on the rabbit calvarium.

Results
Fabrication and characterization of HC scaffolds

A mixture of CaCO; microspheres (~5 um in diameter) and
methylcellulose-based binder was extruded through a die with a
slit thickness of 200 pm and pitch of 500, 700, or 900 pm
(Fig. 1a). The obtained HC green bodies were heated at 600 °C
for 24 h to remove the binder (Fig. 1b), resulting in the
formation of CaCO; HC blocks. The CaCO; HC blocks were
immersed in 1 mol L™ Na,HPO, solution at 80 °C for 7 days
(Fig. 1c). The CAp HC scaffolds were formed via dissolution-
precipitation reaction; they were precisely shaped into cylinders
(diameter = 6 mm, height = 4 mm) using computer-aided
design and computer-aided manufacturing (Fig. 1d). The
shaped HC scaffolds were implanted on the rabbit calvarium
to evaluate their ability of vertical bone augmentation and the
effects of channel size on the ingrowth of bone and soft tissues
(Fig. 1e).

Cylindrical HC scaffolds were comprised of uniaxially pene-
trating channels, and the channel edges opened on both the
bases of the cylinder (Fig. 2a-f). The channel aperture size, that
is, edge-to-edge length of a square channel aperture, was 231 +
11 (Fig. 2g), 461 + 6 (Fig. 2h), and 631 + 5 pm (Fig. 2i);
henceforth, these HC scaffolds are designated as HC230,
HC460, and HC630, respectively. The strut thickness of
HC230, HC460, and HC630 was 179 + 5 (Fig. 2g), 180 + 3
(Fig. 2h), and 183 + 4 um (Fig. 2i), respectively. All three HC
scaffolds had almost equal-sized struts, and the struts were
constructed by interconnecting microspheres that scaly crystals
characteristic of apatite aggregated into (Fig. 2j-1). There was a
space of <2 pm between the adjoining microspheres in the
struts (Fig. 2j-1), and they served as micropores/nanopores.

The X-ray diffraction (XRD) patterns of HC230, HC460, and
HC630 were consistent with that of commercial CAp (Fig. 3a).
This implies that the chemical composition of these scaffolds
transformed from CaCOj; to CAp via a dissolution-precipitation
reaction maintained the HC architecture. The Fourier trans-
form infrared (FT-IR) spectra of HC230, HC460, and HC630
exhibited the absorption bands because of the phosphate
(1140-975 and 615-515 cm ') in the apatite crystal (Fig. 3b).
Doublet bands corresponding to carbonate in A-(1480 cm™ %)
and B-type (1415 cm ™ ') CAp*®*” were present in the spectra of
HC230, HC460, and HC630. In the HAp spectrum, the carbo-
nate bands were absent and a hydroxyl band was present at
626 cm*. These results demonstrate that HC230, HC460, and

Mater. Adv., 2021, 2, 7638-7649 | 7639
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Fig. 1 Schematic illustration of the fabrication procedure of CAp HC scaffolds and animal experiments. (a) Extrusion of HC green bodies. (b) Heat
treatment of HC green bodies for removing the organic binder, resulting in the formation of CaCOz HC blocks. (c) Dissolution—precipitation reaction of
CaCOs3z HC blocks, converting the chemical composition from CaCOs to CAp. (d) Precise shaping of CAp HC blocks into cylinders of 6 mm in diameter
and 4 mm in height by computer-aided design and computer-aided manufacturing. (e) The implantation of cylindrical HC scaffolds on the rabbit

calvarium.

HC630 were AB-type CAp, in which both the hydroxyl and
phosphate are replaced by carbonate.*” Elemental analyses
revealed that the carbonate content in HC230, HC460, and
HC630 was 6%-10%, which was similar to the carbon content
in human bones.*®

The porosity of HC230, HC460, and HC630 was 65.9% =+
1.6%, 77.5% =+ 0.7%, and 82.1% =+ 0.8%, respectively (Fig. 4a).
The porosity increased with increasing channel aperture size.
The compressive strength of HC230, HC460, and HC630 was
27.5+3.6,17.3 £ 2.6, and 12.3 £ 3.4 MPa, respectively (Fig. 4b).
The compressive strength decreased with increasing porosity or
channel aperture size.

Animal Experiments

The micro-computed tomography (p-CT) images showed that
HC230, HC460, and HC630 retained their original shape, that
is, outline and HC structure, at 4 weeks post-implantation
(Fig. 5a-c). The interior of the channels in HC230 appeared
whitish (Fig. 5a). In contrast, black regions remained within the
channels of HC460 (Fig. 5b) and HC630 (Fig. 5¢). The HC630
channels contained more extensive black regions than the
HC230 channels. Whitish and black regions were presumed
to be the regions dominated by newly formed bone and soft
tissues, respectively. Therefore, the above results suggested that
new bone had already formed in the HC230 channels at 4 weeks
post-implantation, whereas soft tissues were dominant in the
channels of HC460 and HC630. At 12 weeks post-implantation,
in all HC scaffolds, the new bone region within their channels
was extended, compared with that at 4 weeks (Fig. 5d-f). The
lower region of HC230 was replaced by new bone (Fig. 5d). In all

7640 | Mater. Adv, 2021, 2, 7638-7649

HC scaffolds, a portion of the struts was resorbed (Fig. 5d-f).
The top surfaces of these HC scaffolds are rounded due to the
pressure from fascia covering their top surfaces (Fig. 5d-f). This
tendency was considerable in HC630; HC630 had less tolerance
to pressure than HC230 and HC460. This could be attributed to
the fewer number of struts, which indicates lower mechanical
strength in HC630 than in HC230 and HC460. The percent
volume of the remaining materials (Fig. 5¢) and newly formed
bone (Fig. 5H) were estimated based on the p-CT images. The
percent volume of the remaining materials was as follows:
56.2% =+ 3.3%, 41.3% =+ 2.2%, and 31.8% =+ 4.2% at 4 weeks
post-implantation and 37.5% =+ 10.4%, 24.5% =+ 3.7%, and
17.2% =+ 1.2% at 12 weeks post-implantation for HC230,
HC460, and HC630, respectively (Fig. 5g). The percent volume
of new bone was as follows: 38.6% =+ 2.2%, 29.8% =+ 5.0%, and
24.3% =+ 2.5% at 4 weeks post-implantation and 49.9% =+ 1.5%,
371% £ 3.4%, and 32.3% £ 5.1% at 12 weeks post-
implantation for HC230, HC460, and HC630, respectively
(Fig. 5h). The percent volume of the remaining materials and
new bone significantly decreased and increased, respectively, in
all groups between weeks 4 and 12 post-implantation. The
percent volume of the remaining materials and new bone
increased significantly with the increase in the channel aper-
ture size. In HC230, the total percent volume of the remaining
materials and new bone at 4 and 12 weeks post-implantation
was ~95% and ~ 87%, respectively. These values were signifi-
cantly higher than those in HC460 and HC630, which were
~71% and ~60% at 4 weeks post-implantation, and ~62%
and ~50% at 12 weeks post-implantation, respectively. These
results indicate that HC230 elicited preferential ingrowth of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 p-CTimages of (a) HC230, (b) HC460, and (c) HC630. Longitudinal sections of (d) HC230, (e) HC460, and (f) HC630. SEM images of (g) HC230, (h)
HC460, and (i) HC630: "*" and "#" indicate strut and channel, respectively. Magnified views of the struts in (j) HC230, (k) HC460, and (1) HC630: arrow

heads indicate micropores and nanopores.

A v Apatite .
v
M N HC630
-~ vy vy N vr
3 |
e v N HC460
2 vy vy v r
2 b
g v v HC230
£ vy vy M v
A \ 4 YA
v M Reference
vy vy Yoy v
20 25 30 35 40
26 (deg.)

Fig. 3
HC630. HAp was used as a reference.

bone in the early stage, whereas HC460 and HC630 caused the
ingrowth of other tissues, such as soft tissues, rather than bone.
Thereafter, HC230 was steadily replaced by new bone, includ-
ing blood vessels, whereas HC460 and HC630 were replaced by
both bone and soft tissues.

The tissues formed within the HC scaffolds were histo-
logically analyzed. At 4 weeks post-implantation in HC230

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD patterns of HC230, HC460, and HC630. Commercial CAp granules were used as a reference. (b) FT-IR spectra of HC230, HC460, and

(Fig. 6a), new bone was formed along the struts (Fig. 6A1-A3)
and blood vessels were present in the center of the channel,
whereas bone continued to form on the struts (Fig. 6A1-A6).
The new bone reached the top edge of the struts, that is, the top
surface of the scaffold, at 4 weeks post-implantation (Fig. 6A1
and A4). Osteoblasts added new material on the surface of
new bone and osteoclasts resided on the struts (Fig. 6A4-A6).

Mater. Adv, 2021, 2, 7638-7649 | 7641
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In HC460 (Fig. 6b), fibrous tissues occupied the upper region of
the channels (Fig. 6B1 and B4) and new bone formed in the
middle (Fig. 6B2 and B5) and the lower (Fig. 6B3 and B6)
regions. However, fibrous tissues were dominant in the middle
region (Fig. 6B2 and B5), and a small amount of fibrous tissue
reached the bottom region (Fig. 6B3 and B6). Osteoblasts and
osteoclasts were present on the new bone and struts, respec-
tively (Fig. 6B5 and B6). In HC630 (Fig. 6¢), the channels in the
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(a) Porosities and (b) compressive strengths of HC230, HC460, and HC630.

upper (Fig. 6C1 and C4) and middle (Fig. 6C2 and C5) regions
were dominated by fibrous tissues. In the bottom region,
fibrous tissues were extensively present; however, there was
new bone formation (Fig. 6C4 and C6). Osteoblasts and osteo-
clasts resided on the new bone and the struts, respectively
(Fig. 6C5 and C6).

At 12 weeks post-implantation, a new bone formed exten-
sively in the entire inner side of the channels from the bottom

Hk

HC230

I 12 weeks

HC460 HC630

Fig. 5 p-CT images of (a) HC230, (b) HC460, and (c) HC630 at 4 weeks post-implantation; (d) HC230, (e) HC460, and (f) HC630 at 12 weeks post-
implantation. The percent volumes of the (g) remaining materials and (h) new bone at 4 and 12 weeks post-implantation. *p < 0.05 and **p < 0.01.
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(a—c) Overviews; scale bar = 500 pm. (A1-A3)
Magnified images of the regions (A1-A3) shown in image a; scale bar = 50 um. (A4—-A6) Higher magnified images of the regions (A4—-A6) shown in images
(A1-A3); scale bar = 20 pm. (B1-B3) Magnified images of the regions (B1-B3) shown in image b; scale bar = 50 pm. (B4-B6) Higher magnified images of
the regions (B4—B6) shown in images (B1-B3); scale bar = 20 pum. (C1-C3) Magnified images of the regions (C1-C3) shown in image c; scale bar = 50 um.
(C4-C6) Higher magnified images of the regions (C4-C6) shown in images (C1-C3); scale bar = 20 um. "*,” “"NB,"” "BV,"” "FT,” "OB,” and "OC" indicate
strut, new bone, blood vessel, fibrous tissue, osteoblast, and osteoclast, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 7638-7649 | 7643
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Fig. 7 Histological micrographs at 12 weeks post-implantation of (a) HC230, (b) HC460, and (c) HC630. (a—c) Overviews; scale bar = 500 um. (A1-A3)
Magnified images of the regions (A1-A3) shown in image a; scale bar = 50 um. (A4—-A6) Higher magnified images of the regions (A4—A6) shown in images
(A1-A3); scale bar = 20 um. (B1-B3) Magnified images of the regions (B1-B3) shown in image b; scale bar = 50 um. (B4-B6) Higher magnified images of
the regions (B4—-B6) shown in images (B1-B3); scale bar = 20 um. (C1-C3) Magnified images of the regions (C1-C3) shown in image c; scale bar = 50 um.
(C4-C6) Higher magnified images of the regions (C4-C6) shown in images (C1-C3); scale bar = 20 ym. "*,” "NB,” "BV,” "FT,” "OB,"” "OC,” and
“AT" indicate strut, new bone, blood vessel, fibrous tissue, osteoblast, osteoclast, and adipose tissue, respectively.
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to the top in HC230 (Fig. 7A1-A3). The new bone included
blood vessels (Fig. 7A1-A6), and several osteoblasts were pre-
sent on the new bone (Fig. 7A4-A6). Osteoclasts resided on the
struts (Fig. 7A4); however, the number decreased from that at
4 weeks post-implantation. In HC460 (Fig. 7b), fibrous tissues
dominated the upper region (Fig. 7B1 and B4). In the middle
(Fig. 7B2 and B5) and lower (Fig. 7B3 and B6) regions, fibrous
tissues remained; however, the amount of new bone increased
from that at 4 weeks post-implantation. In HC630 (Fig. 7C),
fibrous tissues still occupied the channels in the upper regions
(Fig. 7C1 and C4). In the middle region, a small amount of new
bone formed on a portion of the struts; however, fibrous tissues
occupied a large portion of the struts, and they were present on
the new bone (Fig. 7C2 and C5). Adipose tissues dominated the
interior of the channels except for the strut surface (Fig. 7C2
and C5). In the lower region (Fig. 7C3 and C6), new bone
formed on the struts and fibrous tissues resided on the
new bone, whereas adipose tissues filled the channel center
(Fig. 7C3 and C6). The main components of soft tissues were
fibrous tissues at 4 weeks post-implantation; however, adipose
tissues replaced fibrous tissues at 12 weeks post-implantation.
This behavior was most pronounced in HC630, followed by that
in HC460, but it was only slightly observed in HC230. Adipose
tissues appeared to migrate from bone marrow in the host
bone. These results suggested that the migration speed and the
passable size of soft tissues varied with their type. The channel
size influenced the formation of both bone and soft tissues in
the HC scaffolds.

The height and percent area of new bone and the percent
area of fibrous tissues in each channel were estimated from
hematoxylin-eosin (HE)-stained sections. The height of the
newly formed bone in each channel was as follows (Fig. 8a):
34 £ 05, 1.6 + 1.3, and 1.2 £ 1.0 mm at 4 weeks post-
implantation and 3.8 £ 0.2 mm, 3.0 £ 0.5 mm, and 2.5 +

*k
*k

*k
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0.7 mm at 12 weeks post-implantation for HC230, HC460, and
HC630, respectively. HC230 promoted substantial bone
ingrowth and induced new bone, ~2-and ~ 3-fold higher than
that by HC460 and HC630, respectively, at 4 weeks post-
implantation. At 12 weeks post-implantation, HC230 main-
tained a bone height significantly higher than that in HC460
and HC630. The percent area of new bone in each channel was
as follows (Fig. 8b): 29.2% + 7.9%, 13.5% =+ 7.9%, and 7.5% =+
4.2% at 4 weeks post-implantation and 42.4% =+ 8.6%, 26.8% =+
7.1%, and 14.0% + 4.7% at 12 weeks post-implantation for
HC230, HC460, and HC630, respectively. The percent area of
new bone in HC230 was ~2 and ~4 times larger than that in
HC460 and HC630, respectively, at 4 weeks post-implantation.
At 12 weeks post-implantation, HC230 maintained a larger
percent area of new bone than that by HC460 and HC630.
The percent area of fibrous tissues in each channel was as
follows (Fig. 8c): 19.4% =+ 5.4%, 47.1% =+ 10.5%, and 60.0% =+
9.3% at 4 weeks post-implantation and 5.7% =+ 2.5%, 13.8% =+
6.2%, and 30.1% =+ 10.7% at 12 weeks post-implantation for
HC230, HC460, and HC630, respectively. HC230 suppressed the
invasion of fibrous tissue below 40% and 30% of that in HC460
and HC630, respectively.

Discussion

This study demonstrated that controlling the channel aperture
size of HC scaffolds is effective in enhancing bone ingrowth
and preventing the invasion of soft tissues, such as fibrous and
adipose tissues. For bone ingrowth, the 230 um channel
resulted in the highest osteogenesis, and osteogenesis
decreased with increasing channel aperture size. Furthermore,
in our previous studies, we evaluated the effects of channel
aperture size in the 100 to 300 pm range and demonstrated that
osteogenesis and angiogenesis were significantly promoted
when the channel aperture size was > 230 um.*>*" These findings
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Fig. 8

(a) New bone height, (b) percentage area of new bone in each channel, (c) percentage area of fibrosis tissues in each channel at 4 and 12 weeks

post-implantation of HC230, HC460, and HC630. *p < 0.05 and **p < 0.01.
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indicate that the optimum channel aperture size for osteogenesis
is ~230 um in the 100 to 630 um range.

With respect to the invasion of fibrous tissues into the HC
scaffolds, the ability to suppress this invasion increased with
decreasing channel aperture size. Channels with an aperture
size of 230 pm substantially suppressed the invasion of fibrous
tissues into the HC scaffolds, compared to channels with
aperture sizes of 460 and 630 um. Guo et al. reported that the
use of zinc barrier membrane with 300 pm pores confined
fibrous tissues to the outer surface of the membrane, whereas
the use of zinc barrier membrane with 1000 pm pores allowed
the entry of fibrous tissues via the pores.*® The findings by Guo
et al. are consistent with the findings of this study. Therefore,
~230 um is an appropriate channel aperture size to achieve
both dominant bone ingrowth and the inhibition of fibrous
tissue invasion. The fibrous tissues formed in the channels
were gradually replaced by adipose tissues. Lee et al. reported
that fibrous tissues decreased approximately by half from
weeks 2 to 8 post-implantation, and alternatively, adipose
tissues appeared at 8 weeks post-implantation.>® The findings
reported by Lee et al. are consistent with our findings in this
study. Channel aperture size is a key factor regulating the
ingrowth of bone and soft tissues, including fibrous tissues
and adipose tissues.

The HC scaffolds with 230 pm-aperture size channels
achieved both favorable bone ingrowth and inhibition of fibrous
tissue invasion. Bone ingrowth and the invasion of fibrous tissues
compete for the interior channel space in the HC scaffolds.
In general, higher osteoconductivity facilitates the domination
of new bone in the channel space. Osteoconductivity is influenced
by the chemical composition, channel aperture size, and micro-
porous and nanoporous structures. These properties of the HC
scaffolds are optimized based on the findings of our previous
studies,*®™** resulting in high osteoconductivity. Furthermore, in
this study, the histological results demonstrated that new bone
formed on the struts of HC scaffolds and blood vessels formed in
the center of the HC scaffold channels, which indicates that
osteogenic cells resided on the struts before the formation of
blood vessels within the channels. Additionally, the occupancy of
osteogenic cells on the strut resulted in decreased open channel
space, making the invasion of fibrous tissues into the HC
scaffolds more difficult. On the contrary, blood vessels are key
to differentiating osteogenic cells, forming new bone, and
maintaining bone. Therefore, the channel aperture size after
the occupancy of osteogenic cells on the strut surface should
be controlled to be within the size range that allows the
penetration of blood vessels. Blood vessels can enter 40 pm
pores, whereas fibrous tissues require >75 pm pores for long-
term ingrowth.>" Artificial skin and meshes for hernia repair
have 100 and 75 um pores, respectively.”>>* Therefore, when
the channel aperture size is 40-100 pm after the occupancy of
osteogenic cells, osteoblasts, and/or bone on the struts, the
formation of blood vessels is deemed to become dominant
over the fibrous tissue ingrowth. In this study, the histological
results demonstrated that the channel aperture size was
40-100 pm after bone formation on the struts of HC230.
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Therefore, the 230 pm-aperture size channels successfully
allowed the formation of blood vessels and suppressed the
invasion of fibrous tissues.

The height of the bone newly formed in HC230 at 4 and
12 weeks post-implantation was 3.4 £+ 0.5 and 3.8 £+ 0.2 mm,
respectively. These reached the limiting values in the vertical
bone augmentation model on the rabbit calvarium, because the
scaffold height should be <4 mm for complete closure of the
scaffolds by suturing the fasciae. The percent volume of
new bone in HC230 at 4 and 12 weeks post-implantation was
38.6% =+ 2.2% and 49.9% =+ 1.5%, respectively. We assessed the
capacity of HC230 for vertical bone augmentation via compar-
ison with the findings of previous studies in terms of height
and volume of new bone, evaluated using the vertical bone
augmentation model on the rabbit calvarium. Kim et al.
reported that when calcium sulfate granule-filled rings were
implanted, the new bone height at 2 and 8 weeks post-
implantation was 1.2 £ 0.7 and 2.6 & 1.1 mm, respectively.>*
When combined with calcium sulfate and molecules such as
sodium butyrate and dimethyloxalylglycine that promote bone
regeneration, the new bone height at 2 and 8 weeks post-
implantation was 1.0 £ 0.3 and 3.2 & 0.5 mm, respectively.>*
The maximum height of the newly formed bone in brushite,
combined brushite and anabolic conjugate drug, monetite,
and combined monetite and anabolic conjugate drug at
12 weeks post-implantation was 0.8 + 0.2, 1.7 £+ 0.6, 1.4 *+
0.4, and 2.7 + 0.5 mm, respectively.>® The percent volume of
the newly formed bone in combined recombinant human
vascular endothelial growth factor (thVEGF) and HAp blocks
at 4 and 6 weeks post-implantation was 0.8% =+ 0.6% and
0.8% =+ 0.5%, respectively.>® The percent volume of new bone
at 14 weeks post-implantation of recombinant human BMP
2 (rhBMP-2)-containing collagen sponges in conjunction with
B-TCP, biphasic calcium phosphate, bovine bone mineral, and
blood clot was 28.7% =+ 4.6%, 31.9% =+ 5.1%, 18.0% =+ 2.2%,
and 15.3% + 2.9%, respectively.”” The percent volume of
new bone formed in 3D printed porous TCP/HAp block-,
anorganic bovine bone-, or TCP-filled titanium hemispheres
was 23% =+ 1.6%, 13.6% =+ 1.5%, and 13.8% =+ 1.5% at 8 weeks
post-implantation and 35% =+ 2%, 39% =+ 2%, and 43% + 6%
at 16 weeks post-implantation, respectively.”® Therefore,
using only HC230 augments faster, higher, and more vertical
bone growth than using the various combinations of scaffolds
and supplements promoting bone formation (BMP, VEGEF,
sodium butyrate, dimethyloxalylglycine, and anabolic conju-
gate drug) or barriers for soft tissue invasion, such as tita-
nium hemisphere. The excellent ability of HC230 for vertical
bone augmentation is probably due to its controlled pore
architecture (channels, micropores, and nanopores) and
chemical composition. Therefore, HC scaffolds have a tre-
mendous potential for realizing barrier membrane-free GBR.
A limitation of this study is that the evaluation periods were
shorter than those required for complete replacement of
the HC scaffolds by new bone. In a future study, long-term
evaluation of vertical bone augmentation using HC scaffolds
is required.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Fabrication of HC scaffolds

A mixture of CaCO; powder (diameter ~5 pm; Sakai Chemical
Industry Co., Ltd, Osaka, Japan) and a methylcellulose-based
binder (Matsumoto Yushi-Seiyaku Co., Ltd, Osaka, Japan) was
extruded using an extruder (V-30 (II), Universe, Saga, Japan)
through dies with a slit thickness of 200 pm and pitch of 500,
700, or 900 pm. HC green bodies with struts of ~200 pm in
thickness and channels of ~300-, ~700-, or ~900 pm aperture
size were obtained. The HC green bodies were heated at 600 °C
for 24 h to remove the binder, resulting in the formation of
CaCO; HC blocks. The CaCO; HC blocks were then immersed
in 1 mol L™ Na,HPO, solution at 80 °C for 7 days. As a result,
CAp HC scaffolds were formed via dissolution-precipitation
reaction. Finally, the CAp HC scaffolds were precisely shaped
into cylinders (diameter = 6 mm, height = 4 mm) using
computer-aided design and computer-aided manufacturing
(monoFab SPM-20; Roland DG, Shizuoka, Japan).

Characterization of HC Scaffolds

The crystal phases of the HC scaffolds were analyzed by X-ray
diffraction (XRD; D8 Advance, Bruker AXS GmbH, Karlsruhe,
Germany). Commercially obtained CAp granules (Cytrans, GC,
Tokyo, Japan) were used as the reference. The chemical char-
acteristics of the HC scaffolds were determined by Fourier
transform infrared (FT-IR) spectroscopy (FT/IR-6200, JASCO,
Inc., Tokyo, Japan). The microstructures of the HC scaffolds
were analyzed by scanning electron microscopy (SEM; S3400N,
Hitachi High-Technologies Corporation, Tokyo, Japan) and
p-CT imaging (SkyScan, Bruker Corporation, MA, USA). The
carbonate content in the HC scaffolds was measured using
elemental CHN (carbon-hydrogen-nitrogen) analysis (MT-6,
Yanako Analytical Instruments, Kyoto, Japan). Eight samples
per group were used to determine the average carbonate con-
tent. The total porosity of the HC scaffolds was calculated from
the bulk density of the scaffolds and the theoretical density of
HAp (3.16 g cm?), because the theoretical density of CAp is
unknown. Eight samples per group were used to determine the
average porosity. The compressive strength of the HC scaffolds
was measured using a universal testing machine (Autograph
AGS-], Shimadzu Corporation, Kyoto, Japan). The samples were
compressed with the load cell oriented parallel to their channels.
Eight samples per group were used to determine the average
compressive strength.

Surgical procedure

The animal experiments conducted in this study were approved
by the Animal Care and Use Committee of Kyushu University
(No. A30-338-1; issued Jun 13, 2019). Eighteen week-old male
Japanese white rabbits (Japan SLC, Inc., Shizuoka, Japan)
weighing 3.0-3.5 kg were used in the experiments. These
rabbits were housed in the Center of Biomedical Research,
Research Center for Human Disease Modeling, Graduate School
of Medical Sciences, Kyushu University. Eighteen rabbits were
used (n = 6). They were maintained on a standard diet with an
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adequate amount of water. Briefly, the rabbits were anesthe-
tized with an intraperitoneal injection of a mixture of ketamine
(30 mg kg™ ') and xylazine (5.0 mg kg '). The heads of the
rabbits were shaved to remove the fur, and the skin was
disinfected with 10% w/v povidone-iodine (Meiji Seika Pharma
Co., Ltd, Tokyo, Japan). The calvarium was exposed through a
skin incision ~2 cm in length over the linea media. The
periosteum was incised in the same place and separated from
the bone. Two HC scaffolds were implanted randomly in each
animal on both sides of the sagittal suture without crossing it.
The top surfaces of the HC scaffolds were covered with fasciae,
and the fasciae were sutured. Finally, the wound was closed.
The rabbits were allowed unrestrained movement in their cages
after they recovered from the anesthesia.

Radiographic and histomorphometric analyses

The rabbits were euthanized in batches at 4 and 12 weeks after
implantation of the HC scaffolds. The calvarium was harvested
(n = 6 per group) to perform p-CT imaging and histomorpho-
metric analyses (to evaluate the resorption and bone formation
abilities of the implanted HC scaffolds). Volumetric measure-
ments of all specimens were performed by p-CT (SkyScan) at a
resolution of 18 um. The percent volume of new bone within
the HC scaffold and remaining scaffold was measured using
software (CT Analyzer, Bruker). Following the radiographic
analysis, the specimens were dehydrated using a graded series
of alcohol solutions and embedded in polymethyl methacrylate
histological resin (Technovit 9100; Heraeus Kulzer, Wehrheim,
Germany). All specimens were cut into longitudinal sections
throughout the cylindrical HC scaffold and HE-staining was
performed. The histomorphometric analysis of HE-stained
tissue sections was performed using a biological fluorescence
microscope (BZ-X; Keyence Corporation, Osaka, Japan) with
digital analysis software (BZ-X; Keyence Corporation). The
height of new bone and the percent areas of the remaining
materials and new bones in each scaffold channel were ana-
lyzed. For these analyses, 240 channels in HC230, 133 channels
in HC460, and 90 channels in HC630 were used for each
implantation period.

Statistical analysis

All data are presented as mean =+ standard deviation. Results with
P < 0.05 were considered statistically significant. Comparisons
between groups were performed using the Tukey-Kramer test.

Conclusions

The channel aperture size of HC scaffolds exerted a significant
influence on bone ingrowth and soft tissue invasion. The amount
of new bone increased and the amount of soft tissues decreased
with decreasing channel aperture size. The HC scaffolds with
230 pm-aperture channels possessed a higher ability for vertical
bone augmentation than the various combinations of scaf-
folds and supplements that promote bone formation or act as
barriers for soft tissue invasion. These findings indicate that the
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multiscale-architectural control of HC scaffolds may help realize
barrier membrane-free GBR.
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