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FIGURE 1. Preparation for supraperiosteal fransport: o, osteotomy; p, periosteum. A, A minimal periosteal incision is made a few millimeters
from a planned osteotomy line to create a transport segment; the periosteum is then reflected beyond the line. After the osteotomy, the
periosteum is repositioned and sutured. B, The transport segment is supraperiosteally fixed with locking plates and screws of a distraction
device. Unless they contain a locking mechanism, special care should be taken not to compress the ungerlying periosteum with plates, and

fixation screws should not be fully tightened.
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traction mechanism of the device was detached to keep the
remaining components of the device fully internal.
Computed tomograms (CT's) at 8 months after distraction
showed that newly formed bone in the distraction gap
progressed to continuous buccal and lingual cortical sur-
faces, allowing for secondary vertical DO to reconstruct the
ascending ramus (Fig 2D). Using a subgonial approach, a
periosteal cut and a horizontal osteotomy were performed
buccally 8 and 9 mm from the superior edge of the trans-
ported segment, respectively. The 1-mm-long buccal peri-
osteal flap of the secondary transport segment was reposi-
tioned and sutured, and a distraction device (Extension
Plate System; Keisei Medical Industrial, Tokyo, Japan) was
adjusted and fixed supraperiosteally with positioning
screws (Center Drive 1.5; Gebriider Martin, Tuttlingen, Ger-
many; Fig 2E,F). After a 7-day latency period, the device was
activated at a rate of 0.5 mm twice a day for 58 days until the
secondary transport segment had reached the artificial con-
dyle, when the distraction rod was cut to leave the remain-
ing device fully internal. CTs at 9 months after the second-
ary distraction showed that newly formed bone in the
distraction gap progressed to the continuous buccal and
lingual cortical surfaces of the ascending ramus (Fig 2G).
The remaining components of the devices were removed,
and the superior end of the regenerated ramus was con-
nected to the cut end of the preserved condylar segment
with a lag screw and plate (Condylar Lag Screw Plate Sys-
tem; Stryker Leibinger). The plate was fixed supraperioste-
ally on the regenerated ramus with the locking screws (1.7
Locking Screw; Stryker Leibinger) instead of its original
fixation screws, and the space around the connected bony
surfaces was filled with autologous tissue-engineered osteo-
genic material® (Fig 2H). Fourteen months after the second
distraction, 3 titanium screw-type implants, 3.5 mm in di-
ameter and 15 mm in length (Astra Tech Implant System;

Astra Tech, Molndal, Sweden), were installed in the second
premolar and molar regions of the regenerated mandibular
body with buccal veneer bone grafted from the contralat-
eral ramus because of a thin ridge (Fig 2D. Twenty-two
months after the second distraction, all the osseointegrated
implants were uncovered and connected with abutments,
the uncovered mucosa was positioned apically, and the
exposed buccal bony surface of the ridge was covered with
mucosa grafted from the palate for vestibuloplasty. The
plate and screws on the reconstructed ramus were re-
moved, and the mandibular angle was adjusted with osteot-
omy and screw fixation in the angle region (Fig 2J). At the
time of this writing, the patient has been orally rehabilitated
with a provisional implant-supported prosthesis for more
than 3 years (Fig 2K).

CASE 2: BILATERAL TRANSPORT DO FOR
MANDIBULAR ANTERIOR BODIES

A Ol-year-old woman had suffered from an ameloblas-
toma, which recurred for the fourth time in the mesial and
distal borders of the sectioned mandible and the interposi-
tioning iliac bone graft (Fig 3A). She underwent a mandib-
ular segmental resection to remove it and distraction device
fixation for its reconstruction through a submandibular ap-
proach. Bilateral transport segments were created in the
right premolar and left retromolar regions of the remaining
mandible in the same manner as Case 1, and the custom-
made distraction device was adjusted (Fig 3B). The trans-
port segments were supraperiosteally fixed with the lock-
ing plates and screws (Fig 3C,D). After a 7-day latency
period, the device was activated at a rate of 0.5 mm twice
a day for 41 and 33 days on the right and left side, respec-
tively (Fig 3E), until the transport segments reached each
other, at which point the bilateral percutaneous traction
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FIGURE 2. A, The mandible with a recurrent ameloblastoma. Computed tomography (CT) revealed a multilocular radiolucent image in the ramus
and posterior body of the mandible. B, A custom-made distraction device with an artificial condyle on the patient's stereolithographic model. Locking
plates and screws enabled supraperiosteal fixation of the transport segment. C, Supraperiosteal fixation of the distraction device. A short buccal
periosteal flap of the transport segment was repositioned and sutured to cover the vertical osteotomy line. The transport segment was fixed with
locking plates and screws supraperiosteally. D, The regenerated posterior mandibular body. Eight months after distraction, CT showed that newly
formed 50-mm-long bone in the distraction gap (arrowheads) progressed to confinuous buccal and lingual cortical surfaces. E, The secondary
vertical distraction osteogenesis for reconstructing the ascending ramus. A short buccal periosteal flap of the secondary transport segment was
repositioned and sutured to cover the horizontal ostectomy line. The transport segment was fixed with another distraction device and positioning
screws supraperiosteally. F, Another transport segment. Immediately after surgery, CT showed the secondary transport segment fixed with the
distraction device. G, The regenerated ascending ramus. Nine months after the secondary distraction, CT showed that newly formed bone in the
distraction gap progressed to continuous buccal and lingual cortical surfaces of the ramus. H, Device removal and mandibular reconstruction. CT
showed that the regenerated ramus is connected to the preserved condylar segment with a lag screw and plate. /, The regenerated mandibular body
containing implants. CT showed 3 screw-ype implants installed in the right second premolar and molar regions with a buccal veneer bone graft
fixed with 2 screws. J, The reconstructed mandible and the osseointegrated implants for occlusal function. CT showed that the mandibular angle was
adjusted with ostectomy and screw fixation in the angle region. K, A provisional implant-supported prosthesis on the reconstructed mandible. The
ridge supporting the implants was surrounded by the attached mucosa, the buccal part of which originated from the palatal mucosa.
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FIGURE 3. A, The mandible with a fourth recurrent ameloblastoma. Panoramic radiogram revealed radiolucent images in the mesial and distal
borders of the sectioned mandible and the interpositioning iliac bone graft. B, A custom-made distraction device on the patient's stereolithographic
model. Locking plates and screws enabled supraperiosteal fixation of the transport segments. C, The transport segment fixed with the locking plates
and screws supraperiosteally. D, The transport segments before distraction. Immediately after surgery, panoramic radiogram showed the distraction
device and 2 fransport segments in their initial positions. E, The percutaneous traction mechanism of the distraction device. Activation of the
mechanism moved the transport segment through a traction wire. F, Fourteen months after distraction, the panoramic radiogram showed newly
formed bone with progressing density in the disiraction gaps. G, Fourteen months after disiraction, CT showed that newly formed bones in the
distraction gaps, and the transport segments composed a multangular form resembling the mandibular curvature.
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mechanisms of the device were detached to keep the re-
maining components of the device fully internal. The pan-
oramic radiogram and CTs at 14 months after distraction
showed newly formed bones with progressing density in
the distraction gaps, and the transport segments composed
a multangular form resembling the mandibular curvature
(Fig 3F,G). Detachment of the remaining components of the
device and osteoplasty in the docking site of the transport
segments are planned.

Discussion

Sufficient blood supply to the transport segment
and DO site is important for appropriate new bone
formation.!"? Periosteal attachment and continuity
should therefore be maintained as much as possible.
Without periosteal stripping, even internal distraction
devices can be fixed supraperiosteally with fixation
screws as positioning screws, as was done for the
secondary distraction in Case 1. Although this tech-
nique may compress the periosteum under the plates
or destabilize a distraction device, its effects can be
decreased with modified plating and screwing. This
situation can also be avoided with a locking plate and
screw system, as shown in both cases. This system
enables supraperiosteal application of the plates to be
situated separately from bony surfaces. Commercially
available distraction devices should contain a locking
mechanism.

The periosteum should cover the distraction gap
line because osteogenic cells are derived from bone
marrow, the endosteum, and the periosteum. Even
periosteal DO, which incorporates gradual periosteal
elevation with customized devices without creating a
bony transport segment, can lead to new bone forma-
tion in the subperiosteal spaces.®® Periosteal DO in
animal experiments as well as a human case of unin-
tentional periosteal DO'® have been reported. Sub-
periosteal new bone formation in the distraction gap
can decrease postdistraction lateral concavity, which
can present as fenestration or dehiscence defects; this
is sometimes referred to as an hour-glass deformity.'’
Such deformity usually arises where the periosteum is
cut and stripped off extensively to prepare bone cuts
and seat a distraction device. In both the cases de-
scribed here, clear cortical bony images without post-
distraction lateral concavity were observed in the
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remodeling phase, with a minimally damaged perios-
teum. .

In the maxillofacial region, in particular, alveolar
DO uses smaller osteotomized transport segments,
and preserving the periosteal attachment and perios-
teal coverage of the distraction gap line are critical
factors in DO. Severe complications, such as fracture
of the basal bone in vertical DO for edentulous man-
dibles and resorption of the transport segment, have
been reviewed.'? These effects can be attributed to
interrupted blood supply to the complicated bone
according to the area of the reflected periosteum.
The concept of a supraperiosteal transport DO us-
ing the periosteal potential provides a solution for
improving DO.
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Effects of Self-Assembling Peptide Hydrogel Scaffold
on Bone Regeneration with Recombinant Human
Bone Morphogenetic Protein-2
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Purpose: The objective of this pilot study was to histologically evaluate bone regeneration using a

self-assembling peptide hydrogel scaffold with recombinant human bone morphogenetic protein-2
(rhBMP-2) in a rabbit calvaria model. Materials and Methods: Five adult New Zealand White
rabbits were used for the study. Each received four titanium cylinders, which were placed into
perforated slits made in the outer cortical bone of the calvaria. The cylinders were filled with the
following test materials: (1) unfilled control; (2) rhBMP-2; (3) PuraMatrix (PM), a synthetic self-
assembling peptide (RADA16-1) consisting of a 16-amino acid sequence and with a three-
dimensional structure; and (4) PM/rhBMP-2. Each cylinder was covered with a titanium lid. After 8
weeks, the animals were sacrificed, and ground sections were obtained for histomorphometric

analysis. Results: Histomorphometric analysis showed that regenerated tissue in the cylinder with
PMIrhBMP-2 was significantly increased compared to the empty control. The mean area values of
regenerated tissue in the cylinders were 35.80% # 10.35% (control), 47.94% * 5.65% (thBMP-2),
48.94% * 11.33% (PM), and 58.06% * 14.84% (PM/rhBMP-2). The mean area values of newly
formed bone in the cylinders were 9.39% * 4.34% (control), 14.03% * 2.25% (rhBMP-2), 13.99%
+ 2.15% (PM), and 16.61% * 3.79% (PM/rhBMP-2). Neither rhBMP-2 nor PM alone significantly
enhanced bone regeneration compared to the empty control cylinder. Conclusions: PM with
rhBMP-2 significantly enhanced bone regeneration on the bone augmentation model in a rabbit.

PM promises-to be a useful alternative synthetic material as a carrier for rhBMP-2 for bone

regeneration. Oral Craniofac Tissue Eng 2011;1:91-97
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ony defects in the craniofacial region resulting
from tumor resection, trauma, congenital mal-
== fOrmations, and periodontal disease are serious
problems. The bone regeneration technique for bony
defects has been widely accepted, and autologous
bone grafts from the iliac crest and others are still the
gold standard.'? Although autologous bone grafts
have excellent biologic and mechanical properties,®
they may be associated with donor site morbidity or the
available supply may be limited.* Various biomaterials
have been tested as scaffolds for bone regeneration,
such as beta-tricalcium phosphate, hydroxyapatite,
and polymers.5® However, a scaffold has still not been
found that has the characteristics of biologic safety, ab-
sorbability, cell interaction, and bone inductivity.
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A self-assembling peptide hydrogel scaffold is
made of artificial synthetic materials featuring bio-
logic safety and absorbability.”® PuraMatrix (PM)
is a synthetic self-assembling peptide (RADA16-I)
that consists of a 16-amino acid sequence (AcN-
RADARADARADARADA-CNH?2) and more than
99.5% water (Fig 1).7% PM has a three-dimension-
al structure, with fiber and pore sizes < 10 nm and
5 to 200 nm, respectively.”® Bokhari et al reported
that PM was a microcellular scaffold containing a na-
noscale environment to enhance osteoblast differen-
tiation and promote osteoblast growth in vitro.? It also
has characteristics of fluidity, stickiness, and the plas-
ticity needed for bony defects, and it turns into a gel
upon contact with blood. Thus, PM is expected to be a
candidate as a scaffold for bone regeneration.

A signal factor is required to induce osteogen-
esis.'® Recombinant human bone morphogenetic
protein-2 (thBMP-2) has exhibited high osteogenic
activity in experimental studies,'" and the effects of rh-
BMP-2 in various carriers on bone regeneration have
been reported.'? Therefore, rhBMP-2 was used as a
representative signal factor in this study.

The objective of this pilot study was to histological-
ly evaluate bone regeneration using a self-assembling
peptide hydrogel scaffold with rhBMP-2 on the bone
augmentation in a rabbit calvaria model. This model
has been used to estimate various bone substitutes
for bone regeneration in recent years.'371%

MATERIALS AND METHODS

Animals

Five adult male New Zealand White rabbits weighing
3.2 to 3.5 kg were used. The animals were kept in
individual cages and were fed a standard laboratory
diet. General anesthesia was induced by combination
of an intramuscular injection of xylazine (4 mg/kg body
weight) and an intravenous injection of pentobarbital
sodium (40 to 50 mg/kg body weight) through the ear
vein. The experimental protocol was approved by the
Animal Experiment Advisory Committee of Nagoya
University School of Medicine and performed in ac-
cordance with the Guidelines for Animal Experimenta-
tion of Nagoya University.

Preparation of PM and rhBMP-2 Solution

PM (3-D Matrix Ltd) was prepared in vials at a pep-
tide concentration of 10 mg/mL. The synthesis and
characterization of PM were described previously.'817
PM was sonicated for 30 minutes in a bath sonica-
tor (Yamato Chemical) and filirated through a 0.22-
um sterile filter (Millipore) so it would flow uniformly.
rhBMP-2 (Peprotech) was diluted in a 20% sucrose

Volume 1, Number 2, 2011

solution. Just before application, 50 pL of PM or sa-
line, 50 pL of 20% sucrose solution with or without
rhBMP-2, and 100 pL of phosphate-buffered saline
(PBS) were mixed in the vial. The final concentration
of rthBMP-2 amounted to 25 ug/mlL.

Surgical Procedure

A midline incision was made from the nasal bone to
the sagittal crest and a cutaneous flap was created. In
the left and right parietal and frontal bones, four evenly
distributed circular slits were prepared with a trephine
drill (Technica) with an inner diameter of 6 mm and a
depth of 1 mm. In the outer cortical bone inside this
circle, five evenly distributed holes with a diameter
of 1 mm each were prepared with a no. 2 round bur
(Fig 2a). The experimental device was a custom-made
cylinder of commercially pure titanium (> 99.5% tita-
nium; SPF) with an inner diameter of 6 mm and height
of 7 mm. The inside surface of each cylinder was ma-
chined titanium. After the bone surfaces of the calvaria
were washed with saline to remove any bone powder,
the apical end of each titanium cylinder was pressed
into each of the slits (Fig 2b). Each animal received
four cylinders, and the cylinders were randomly filled
with the following: (7) unfilled control; (2) rhBMP-2
(50 pl of saline, 50 pL of 20% sucrose containing
rhBMP-2, and 100 pL of PBS); (3) PM (60 pL of PM,
50 pL of 20% sucrose, and 100 pL of PBS); or (4)
PM/rhBMP-2 (80 uL of PM, 50 pL of 20% sucrose
containing thBMP-2, and 100 uL of PBS) (Fig 2c¢).
The top of the cylinders was covered with a titanium
lid (Fig 2d). The flaps were adapted and sutured with
4-0 Vicryl (Ethicon) for primary healing. After 8 weeks,
the animals were sacrificed and ground sections were
obtained for histomorphometric analysis.

Histologic Preparation

Animals were sacrificed with an overdose of pento-
barbital sodium (65 mg/kg body weight). The calvarial
bone including the cylinders was harvested and fixed
with 10% buffered formalin. The specimens were
dehydrated using ascending grades of alcohol, infil-
trated, and embedded in polyester resin (Rigolac-70F,
Rigolac-2004, Nisshin EM) without being decalcified,
according to standard procedures.'® Upon polymer-
ization, these sections were cut in the sagittal direc-
tion and ground to a thickness of 50 um, using the
Exakt cutting-grinding system (Exakt). Sections were
then stained with 0.1% toluidine blue, and light micro-
scopic images were analyzed (BZ-8000; Keyence).

Histomorphometric Analysis

in the sections of each cylinder, the following parame-
ters were measured: the percentage of area of regener-
ated tissue, the maximum height of newly formed bone
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Fig 1 Photograph of 1% PuraMatrix at
room temperature. It turns into a gel upon
contact with blood.

Figs 2a to 2d The surgical procedure.
In the left and right parietal and frontal
bones, four circular slits were prepared. (a)
Five holes were prepared in outer cortical
bone inside this circle. (b) The apical end
of the four titanium cylinders was pressed
into each slit, and primary fixation was ob-
tained. (c) Four titanium cylinders were
filled with respective materials. (@) The cyl-
inders were covered with a titanium lid.

above the surface of outer cortical bone, and the per-
centage of area of newly formed bone. Measurements
were carried out directly in the digital images at a mag-
nification of X10. Thereafter, pixel number of each area
in the cylinder was counted with an image-processing
program (Image J, US National Institutes of Health).
Measurements were made as follows: area of regener-
ated tissue (%) = (pixel number of area of regenerated
tissue/total pixel number in the cylinder) X 100; area of
newly formed bone (%) = (pixel number of area of newly
formed bone/total pixel number in the cylinder) X 100.

STATISTICAL ANALYSIS

Mean values and standard deviations were calculated
for the area of regenerated tissue, the maximum height
of newly formed bone, and the area of newly formed
bone in the cylinders. For statistical analysis, one-way
analysis of variance (ANOVA) and a subsequent pair-
wise one-way ANOVA Tukey significant difference
test (SPSS 18.0; SPSS Inc) were used. A value of
P < .05 was considered to be statistically significant.

tkeno et al

RESULTS

During the experiment, all animals showed uneventful
healing in the surgical area. There was no reduction
in body weight and no postoperative infection in any
animals. All cylinders were found to be stable at the
time of sacrifice.

Both bone and connective tissue had formed in the
cylinders of all groups (Fig 3a). The fitted bases of all
cylinders were clearly visible on the histologic speci-
mens and were well integrated into the outer cortical
bone of the calvaria. New bone formation seemed to
occur from the calvarial bone through the perfora-
tions in the outer cortical bone; newly formed bone
was also observed in all groups. Under higher magni-
fication, newly formed bone, including cells and some
blood vessels, was observed in the connective tissue
in the cylinder (Fig 3b). The edges of bone were lined
with osteoblast-like cells in the cylinder (Fig 3c¢). Re-
generated tissue in the control cylinder was observed
in fewer than one third of the cylinders (Fig 4a). On
the other hand, regenerated tissue was observed in
about half of the cylinders that had been filled with
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Fig 3a Histologic section of a cylinder Fig 3b Higher magnification of the circled
stained with toluidine blue (original magnifi-  area in the upper part of Fig 3a (original mag-
cation X10). RT = area of regenerated tissue;  nification X100). CT = connective tissue;
NB = newly formed bone; CT = connective - NT = newly formed bone; BV = blood vessel.
tissue.

Fig 3¢ Higher magnification of the circled
area in the lower part of Fig 3a (original mag-
nification X100). NB = newly formed bone;
CT = connective tissue; OB = osteoblast-
like cells. )

Fig 4 Histologic sections of (a) cylin-
ders with empty control, (b) rhBMP-2,
(c) PM, and (@) PM/rhBMP-2 (toluidine
blue; original magnification X10).

rhBMP-2 or PM (Figs 4b and 4c). Regenerated Quantitative histomorphometry by image analysis
tissue in the sample treated with PM/rhBMP-2 was  showed that the area of regenerated tissue in the cyl-
observed in about two thirds of the cylinders (Fig 4d).  inder with PM/rhBMP-2 was significantly increased

compared to the empty control (P < .05; Fig 5, Table 1).
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Fig § Area of regenerated tissue measured by image analysis.
The percentage of area of regenerated tissue in the cylinder in
each group ([pixel number of area of regenerated tissue/total pixel
number in the cylinder] X 100) is displayed. Bar = SD. ANOVA,
PM/rhBMP-2 versus empty control, P < .05.

Fig 7 Newly formed bone area measured by image analysis.
The percentage of area of newly formed bone in the cylinder with
each group ([pixel number of area of newly formed bone/total pixel
number in the cylinder] X 100) is displayed. Bar = SD. ANOVA,
PM/rhBMP-2 versus empty control, P < .05.

Figé Maximum height of newly formed bone above the surface of
the outer cortical bone. The maximum height of newly formed bone
in the cylinder with each group is displayed. Bar = SD. ANOVA,
PM/rhBMP-2 versus empty control, P < .01; PM/rhBMP-2 versus
PM or rhBMP-2, P < .05.

251
P < .05

20+

Area of newly formed bone (%)

Empty rhBMP-2 PM PM/rhBMP-2

5 35.80 + 10.35

2.71 £ 0.43

9.39 + 4.34

Means and standard deviations shown.

Similarly, the maximum height of newly formed bone in
the PM/rhBMP-2 cylinder was significantly increased
compared to the empty control (P < .01; Fig 8, Table
1). Also, it was significantly increased compared to rh-

BMP-2 or PM alone (P < .05; Fig 6, Table 1). More-
over, the area of newly formed bone in the cylinder with
PM/rthBMP-2 was significantly increased compared to
the empty control (P < .05; Fig 7, Table 1).
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DISCUSSION

In the present study, the PM with rhBMP-2 signifi-
cantly enhanced bone regeneration compared to an
unfilled control after 8 weeks. Saline with rhBMP-2
alone did not significantly enhance bone regeneration
compared to the control.

Self-assembling peptide hydrogel scaffolds have
two main advantages: safety, (ie, there is no risk of mi-
crobial transmission), and a structure that resembles
the natural extracellular matrix, which has a microstruc-
ture to support cell adhesion, migration, proliferation,
differentiation, and three-dimensional organization of
tissue.'® In a PM scaffold, bone marrow mesenchymal
stem cells can differentiate into mature osteoblasts to
form mineralized matrices.?° Yoshimi et al reported that
PM did not enhance bone regeneration in defects of
the mandible in dogs, but PM with bone marrow mes-
enchymal stem cells enhanced bone regeneration.?!
Because PM alone could not enhance bone regenera-
tion, an osteoinductive factor was used in this study.

The lowest possible dose of a signal factor will
enhance cost effectiveness in clinical use. The au-
thors preliminarily tested two final concentrations of
rhBMP-2—25 pg/mL and 50 pg/mL (data not
shown)—and there was no significant difference in
newly formed bone. The final concentration of rhBMP-2
(25 pg/mL) was sufficient for bone regeneration in
this model. From a clinical point of view, the method
in this study may be useful for bone regeneration, be-
cause the rhBMP-2 concentration used in the pres-
ent study is at least 10 times lower than that used in
most experimental studies and at least 50 times lower
than most clinical studies that have used rhBMP-2 for
bone regeneration.??

Bone regeneration is expected to be affected by the
kinetics of protein release of hBMP-2 from scaffolds.?®
The binding effect of PM is dependent on the struc-
ture and electrostatic charge~induced interactions be-
tween the protein and peptide nanofibers. Therefore,
protein release through PM is dependent on protein
size, the density of the peptide nanofiber, and electro-
static charge. The release kinetics of PM were reported
to be rapid in the first 2 hours, to be slower over time,
and to reach a plateau after 30 to 50 hours, depend-
ing on the protein in the saline solution. Functional pro-
tein release was observed to occur over 2 to 3 weeks.
PM scaffold is mentioned 1o be useful for long-term and
functional release of active protein.?4"2¢ The slow and
local release of rhBMP-2 may be critical in reducing
the concentration to a level that is acceptable for clini-
cal applications. These results indicate that rhBMP-2
had accumulated in the PM before application. Thus,
it might have been released at an appropriate time for
bone regeneration after application. It was thought that
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rhBMP-2 could not be maintained in the bone aug-
mentation space, and PM played an important role as
a scaffold and drug carrier. With other factors, PM may
be expected to play an important role as carrier.

Taken together, the advantages of PM with hBMP-2
for bone regeneration are expected to include its safety,
noninvasiveness, ease of application, and total resorp-
tion (absence of residual graft material). Furthermore, an
effective dose of hBMP-2 is expected to be lower with
PM than without PM. In addition, this injectable mate-
rial could provide a further option for bone regeneration
in complex areas such as alveolar clefts, bony de-
fects caused by periodontal disease, and the exposed
threads of a dental implant. This was a pilot study of PM
application with rhBMP-2 using a rabbit calvarial mod-
el. Future studies should address the stability of newly
formed bone and application in another model, such as
augmentation of the maxillary or mandibular ridge.

CONCLUSION

PuraMatrix, a synthetic self-assembling peptide, used
in combination with recombinant human bone mor-
phogenetic protein-2 significantly enhanced bone re-
generation in a bone augmentation model in rabbits.
PuraMatrix promises to be an alternative synthetic ma-
terial as a useful carrier for recombinant human bone
morphogenetic protein for bone regeneration.
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Effects of the Permeability of Shields with
Autologous Bone Grafts on Bone Augmentation

Masayuki lkeno, DDS'/Hideharu Hibi, DDS, PhD?/Kazuhiko Kinoshita, DDS, PhD/
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Purpose: The objective of this study was to histologically evaluate and compare the effects of the
permeability of shields on bone augmentation in a rabbit calvarial model. Materials and Methods:
Twelve adult male Japanese white rabbits were used for the study. Each received four titanium
cylinders, which were placed into perforated slits made in the outer cortical bone of the calvaria and
filled with autologous iliac bone. The tops of the cylinders were randomly covered with the following
test materials: (1) uncovered (control), (2) a titanium mesh, (3) an expanded polytetrafluoroethylene
(e-PTFE) membrane, or (4) a titanium plate. After 8 weeks, the animals were sacrificed, and

ground sections were obtained for histomorphometric analysis. Results: There was no significant
difference in augmented bone volume among all groups. However, the distribution of augmented
bone in the cylinders differed among the groups. In the uncovered control, there was significantly
less augmented bone in the upper third of the cylinder than in the middle or lower thirds. Findings
were similar for the titanium mesh group and the e-PTFE membrane group, with significantly less
augmented bone in the upper third than in the middle or lower thirds. In the titanium plate group,
there was no significant difference in augmented bone among the upper, middle, and lower thirds.
The differences among the upper, middle, and lower thirds of the cylinder were smaller in the

order of titanium plate, e-PTFE membrane, titanium mesh, and uncovered control. Conclusion:

The use of low-permeability shields resulted in small differences in the distribution of bone
structure in the present bone augmentation model. Oral Craniofac Tissue Eng 2011;1:198-204

Key words: bone augmentation, bone graft, expanded polytetrafluoroethylene membrane,
iliac bone, titanium mesh

one augmentation is required prior to dental
implant placement if insufficient bone volume
¥ is present. Autologous bone grafts have been
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considered the most effective method for bone
augmentation in implant dentistry.! In particular, par-
ticulate cancellous bone and marrow (PCBM) has of-
ten been used in clinical practice as a graft material
because it includes osteogenic cells, several growth
factors, and mineralized tissue. Grafted PCBM is re-
sorbed, revascularized, and slowly replaced by newly
formed bone. However, it initially lacks the intrinsic
form and strength to resist external forces. Since
PCBM is not sufficiently stable during the healing pe-
riod, new bone may not form in a grafted site without
strong space maintenance. Although clinicians have
routinely used resorbable or nonresorbable mem-
branes with PCBM grafts to support bone regenera-
tion, the ideal barrier membrane for the clinical setting
is still controversial.
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Fig1 The surgical procedure.

Fig ta In the left and right parietal and
frontal bones, four circular slits were pre-
pared. Five holes were prepared in the
outer cortical bone inside this circle.

Fig 1b The apical end of each of the four
titanium cylinders was pressed into each
slit, and primary fixation was obtained.

Fig 1c  The four titanium cylinders were
filled with PCBM.

Fig 1d The cylinders were covered with
the experimental materials {or left uncov-
ered in the control site).

Titanium mesh has been widely used with PCBM
grafts, since it is suitable for covering the physiologic
shape of the original bone and can facilitate prostho-
dontic treatment with dental implants.? Expanded
polytetrafluoroethylene (e-PTFE) membranes have
also been used frequently with PCBM, since the
combination of PCBM and e-PTFE membranes offers
satisfactory clinical results for localized ridge augmen-
tation to allow the placement of dental implants.® Both
titanium mesh and e-PTFE membranes have been
used with PCBM grafts in clinical practice. However,
no consensus has been established regarding the dif-
ferences in regenerated bone underneath them. On
the other hand, titanium plates are not preferred for
clinical use because of stiffness and lack of permea-
bility. The present authors hypothesized that the qual-
ity of augmented bone with PCBM grafts might vary
among different coverings because of the differences
in permeability among titanium mesh, e-PTFE mem-
brane, and titanium plate. Therefore, the objective of
this study was to histologically evaluate and compare
the effects of the permeability of shields on bone aug-
mentation in a rabbit calvarial model.

MATERIALS AND METHODS

Animals

Twelve male adult Japanese white rabbits weighing
3.2 to 3.5 kg were used. The animals were kept in indi-
vidual cages and were fed a standard laboratory diet.
General anesthesia was induced by a combination of
an intramuscular injection of xylazine (4 mg/kg body
weight) and an intravenous injection of pentobarbital
sodium (40 to 50 mg/kg body weight) through the ear
vein. This experimental protocol was approved by the
Animal Experiment Advisory Committee of Nagoya
University School of Medicine and was performed in
accordance with the Guidelines for Animal Experimen-
tation of Nagoya University.

Surgical Procedure

A midline incision was made from the nasal bone to
the sagittal crest, and a cutaneous flap was created. In
the left and right parietal and frontal bones, four evenly
distributed circular slits were prepared with a trephine
drill (Technica) with an inner diameter of 6 mm and a
depth of 1 mm. Inside this circle, five evenly distributed
holes with a diameter of 1 mm each were prepared with
a no. 2 round bur (Fig 1a). The experimental device
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was a custom-made cylinder of commercially pure tita-
nium (> 99.5% titanium, SPF) with an inner diameter of
6 mm and height of 7 mm. The inside surface of each
cylinder was machined titanium. After the bone surfac-
es of the calvaria were washed with saline to remove
any bone powder, the apical end of a titanium cylinder
was pressed into each slit (Fig 1b). Each animal re-
ceived four cylinders, and the cylinders were filled with
PCBM harvested from the anterior iliac crest (Fig 1c).
The tops of the cylinders were randomly covered with
the following: (1) uncovered (control), (2) a titanium
mesh (Stryker Leibinger), (3) an e-PTFE membrane
(Gore-Tex Japan), or (4) a titanium plate (Tokyo Titani-
um) (Fig 1d). The flaps were adapted and sutured with
4-0 Vicryl (Ethicon) for primary healing. After 8 weeks,
the animals were sacrificed and ground sections were
obtained for histomorphometric analyses.

Histologic Preparation

The animals were sacrificed with an overdose of pen-
tobarbital sodium (65 mg/kg body weight). The cal-
varial bone including the cylinders was harvested and
fixed with 10% buffered formalin. The specimens were
dehydrated using ascending grades of alcohol, infil-
trated, and embedded in polyester resin (Rigolac-70F,
Rigolac-2004, Nisshin EM) without being decalcified,
according to standard procedures.* Upon polymeriza-
tion, these sections were cut in the sagittal direction
and ground to a thickness of 50 um using the Exakt
Cutting-Grinding System (Exakt). Sections were then
stained with 0.1% toluidine blue and analyzed under a
light microscope (BZ-8000, Keyence).

Histomorphometric Analysis

In the sections of each cylinder, the percentage of
area of augmented bone was measured. Measure-
ments were carried out directly on the digital images
at a magpnification of X10. Thereafter, the pixel num-
ber of each area in the cylinder was counted with an
image-processing program (ImageJ, US National In-
stitutes of Health). The area of augmented bone (%)

200 Volume 1, Number 3, 2011

Fig 2 (Left) Histologic section of an un-
covered control cylinder (toluidine blue;
original magnification X10).

Fig 3 (Right) Histologic section of a cyl-
inder covered with titanium mesh (toluidine
blue; original magnification X10).

was calculated with the following equation: area (%) =
(pixel number of area of bone/total pixel number in the
cylinder) X 100.

Statistical Analysis

Mean values and standard deviations were calculated
for the area of augmented bone in the cylinders. All
values were displayed for analysis, including the me-
dian. The Kruskal-Wallis test (SPSS 18.0, IBM) was
used to identify significant differences and the Mann-
Whitney U test (SPSS 18.0, IBM) was used for con-
firmation of significance between groups. A value of
P < .05 was considered to be statistically significant.

RESULTS

During the experiment, all animals healed uneventfully
in the surgical area. There were no reductions in body
weight and no postoperative infections in any animals.
At the time of sacrifice, 39 of 48 cylinders remained
stable in the position placed. However, nine cylinders
that were loose were excluded from further analy-
sis (two in the uncovered control group, two in the
titanium mesh group, three in the e-PTFE membrane
group, and two in the titanium plate group).

The histologic specimens revealed variable pat-
terns of bone formation in the four treatment groups.
The fitted bases of all cylinders were clearly visible
on the specimens and appeared to be well integrated
with the outer cortical bone of the calvaria. Bone for-
mation was observed inside the cylinders but not out-
side the cylinders, including around the cylinder wall.
The augmented tissue consisted of bone with a can-
cellous structure and connective tissue on the upper
surface in all the cylinders. In the control group, aug-
mented bone was mostly observed in the lower half
of the cylinder, with fibrous connective tissue evident
in the upper half (Fig 2). In the titanium mesh group,
the extent of the augmented bone varied from the
lower third to the upper third of the cylinders (Fig 3).
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Fig 4 (Left) Histologic section of a cylin-
der covered with e-PTFE membrane (tolu-
idine blue; original magnification X10).

Fig 5 (Right) Histologic section of a cyl-
inder covered with a titanium plate (tolu-
idine blue; original magnification X10).
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Fig 8 Area percentages of augmented bone measured by im-
age analysis. The percentage of area of augmented bone in the
cylinder in each group ([pixel number of area of augmented bone/
total pixel number in the cylinder] X 100) is displayed. The lines to
the right of the circles indicate the median values. No significant
differences were observed among the groups.

Fig 7 Area percentages of augmented bone in specific areas in
the cylinders of the uncovered control group. The lines to the right
of the circles indicate median values. Significant differences were
seen between the three areas in the cylinder (Kruskal-Wallis test;
P <.01).*P <.05; **P < .01 (Mann-Whitney U test).

Control 10 4,65 + 2.81

17.79 £ 4.97

25.21 £ 7.60 15.85 + 4.32

e-PTFE 9

22.01 £ 2.91

20.99 £ 3.65 19.05 + 2.30

A similar appearance was observed in both the e-
PTFE membrane group (Fig 4) and the titanium plate
group (Fig 5). The largest amount of augmented bone
in the upper third of the cylinder was observed in the
titanium plate group.

Quantitative histomorphometric analysis revealed
that the content of augmented bone was similar in all
groups. There was no significant difference in augment-
ed bone volume among all groups (Fig 6, Table 1).

However, the augmented bone volumes found in the
upper, middle, and lower thirds of the cylinders were
clearly different within each group. In the uncovered
control group, augmented bone volume in the upper
third (4.55% * 2.81%) of the cylinder was significant-
ly lower than that seen in the middle (17.79% *
4.97%) and lower (25.21% + 7.60%) thirds (Fig 7,
Table 1). In the titanium mesh group, augmented bone
volume in the upper third (10.69% + 5.44%) of the
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Fig 8 Area percentages of augmented bone in specific areas in
the cylinders of the titanium mesh group. The lines to the right of the
circlesindicate median values. Application of the Kruskal-Wallis test
revealedasignificantdifferenceamongthethreeareasinthecylinder
(P < .01). Mann-Whitney U test: *P < .05; **P < .01.

Fig 9 Area percentages of augmented bone in specific areas in
the cylinders of the e-PTFE membrane group. The lines to the right
of the circles indicate the median values. Significant differences
were seen among the three areas inthe cylinder (Kruskal-Wallis test;
P < .01). Significant differences between areas, as determined by
the Mann-Whitney U test: *P < .05; **P < .01.
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Fig 10 Area percentages of augmented bone of specific areas
in the cylinders of the titanium plate group. The lines to the right of
the circles indicate the median values. No significant differences
among the three areas were observed.

cylinder was significantly lower than that in the middle
(21.37% + 6.11%) and lower (19.36% + 8.13%)
thirds (Fig 8, Table 1). Similarly for the e-PTFE mem-
brane group, augmented bone volume in the upper third
(14.14% + 5.03%) of the cylinder was significantly
smaller than that observed in the middle (22.01% %
2.91%) and lower (20.99% * 3.55%) thirds (Fig 9,
Table 1). In contrast, in the titanium plate group, there
were no significant differences in augmented bone

202 Volume 1, Number 3, 2011

Fig 11 Distribution of bone structure in the four groups. Appli-
cation of the Kruskal-Wallis test revealed a significant difference
among the three areas in the cylinder (P < .01). Significant differ-
ences between areas, as determined by the Mann-Whitney U test:
*F < .05; P < .01,

volume between the upper (16.29% * 3.91%), middle
(22.34% + 5.93%), and lower (19.93% * 7.16%)
thirds of the cylinder (Fig 10, Table 1). The distribution
of bone structure differed significantly between the
groups, with the differences between the upper, mid-
dle, and lower thirds being smaller in the order of tita-
nium plate, e-PTFE membrane, titanium mesh, and
uncovered control (Fig 11).
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DISCUSSION

The purpose of the present study was to histologically
evaluate bone quality following augmentation with au-
tologous PCBM and covering the augmented sites with
three different nonresorbable shields. The newly formed
tissue in the present model consisted of small amounts
of mineralized bone and bone marrow space. In the un-
covered control group, the upper third of the cylinder
was penetrated by connective tissue from the surround-
ing area. Therefore, the PCBM, including osteogenic
cells, was pressed into the lower portion of the grafted
zone, and the newly augmented bone was increased in
the lower third. These aspects decreased in the order
of titanium mesh, e-PTFE membrane, and titanium plate
because the shields were progressively more able to
prevent the ingrowth of connective tissue. The titanium
plate used in this study was expected to effectively pre-
vent the ingrowth of fibrous tissue because of its lower
sensitivity to pressure and micromotion than the other
shields, so that the most augmented bone might be
formed in the titanium plate group. The surrounding soft
tissue penetration and micromotion were reported as
factors inhibiting bone ingrowth in the devices.®

Bone regeneration following grafting with PCBM
occurs not only because of incorporation of the graft
but also through the induction of osteogenesis by
the grafted mesenchymal stem cells. The biology of
cancellous bone graft repair has three features: (7)
cancellous grafts are revascularized more rapidly and
completely than cortical grafts; (2) gradual substitu-
tion of cancellous bone initially involves an apposi-
tional bone formation phase, followed by a resorptive
phase; and (3) cancellous grafts tend to repair them-
selves completely with time.® Thus, during the healing
period, grafted PCBM requires strong space mainte-
nance to occupy the grafted space.

To improve the current understanding of guided
bone augmentation (GBA), numerous animal studies
have investigated rabbit calvaria. The skull area offers
good surgical access, and the placement of experi-
mental devices is uncomplicated compared to that of
mandibular bone, where masticatory forces may lead
to the tearing of soft tissue, dislocation of experimental
devices, and infection. The bilateral use of the parietal
bone was found to be reliable in experimental GBA
models with respect to blood supply and bone qual-
ity.” The titanium cylinder used in the present model,
which is less sensitive to pressure and micromotion
than silicone materials,® effectively prevented the entry
of connective tissue cells from the lateral side and the
ingrowth of connective tissue. Therefore, it is a suit-
able means of comparing differences in the shields
placed on the upper side of the cylinder. Using a simi-
lar experimental model in rabbit calvaria, Schmid et al

reported that equal amounts of new bone had formed
under both titanium-sealed and e-PTFE membrane—
covered devices, thereby confirming that membrane
permeability was not necessary for GBA.® They also
reported that angiogenesis was observed in the de-
vices with total occlusion on the extraskeletal bone.?
Yamada et al also reported that the total occlusion and
sufficient stiffness of the titanium cap allowed predict-
able mineralized bone augmentation to occur beyond
the rabbit skeletal envelope, with angiogenesis origi-
nating from cortical bone.!' Augmented bone requires
a blood supply from the cortical bone but not from the
surrounding soft tissue. Lundgren et al reported that
the space-maintaining properties of a barrier may be
at least as important as barrier occlusiveness'?; the
present study supports this finding.

In clinical practice, a titanium mesh or titanium-rein-
forced (TR) e-PTFE membrane is often used as a bar-
rier over PCBM grafts. These can provide more time
for the osteogenic cells to occupy the grafted area
before epithelial cells can enter. The structure of the
titanium mesh can prevent the migration of epithelial
cells to the lower grafted area, while connective tis-
sue ingrowth from outside of the multiporous surface
is allowed into the upper grafted area. Therefore, the
supply of nutrients and blood is good. In contrast, the
structure of the TR e-PTFE membrane can prevent
the migration of epithelial cells to the entire grafted
area. However, the rigidity of TR e-PTFE membranes
has reportedly resulted in an increase in the num-
ber of membrane exposures by mucosal perforation
when they are used for vertical ridge augmentation.'®
Recently, the use of the TR e-PTFE membrane to
cover particulate bone graft in augmentation has led
to good results.'"'® Titanium membranes were intro-
duced to increase the stability of barrier membranes.!”
A commercialized microperforated titanium membrane
(FRIOS BoneShield) was evaluated with graft materi-
als in a clinical study.'®'® The rigidity of the titanium
membrane provided good results without exposure,
but an increased number of membrane exposures was
seen. In 78 procedures, 23 membranes (28%) be-
came exposed because of mucosal perforation. There-
fore, careful soft tissue management is required to
prevent membrane exposures, since rigid membranes
are more difficult to insert than flexible membranes in
the clinical setting.

CONCLUSION

The use of low-permeability shields resulted in small
differences in the distribution of bone structure in the
present bone augmentation model. From the standpoint
of the quality of augmented bone, an ideal shield for
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particulate cancellous bone and marrow grafts may be
a membrane that has sufficient occlusive properties and
stiffness but will not become exposed. Further studies
should address the stability of augmented bone and the
development of an ideal shield for particulate cancel-
lous bone and marrow grafts.
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Bone Regeneration with Self-
Assembling Peptide Nanofiber
Scaffolds in Tissue Engineering for
Osseointegration of Dental Implants
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The aim of this study was to evaluate the correlation betwesn the osseointegration
of dental implants and tissus-enginesred bone using a nanofiber scaffold,
PuraMatrix (PM). The first molar and all premolars in the mandibular regions of
dogs were extracted, and three bone defects were prepared with a trephine
bur on both sides of the mandible after 4 weeks. The experimental groups were
as follows: (1) PM, {2} PM and dog mesanchymal stem cells {dMSCs), (3) PM,
oMSCs, and platelet-rich plasma, and (4} control {defect pnly). Implants were
placed in the prepared areas 8 weeks later and were assessed by histologic
and histomuarphometric analyses (bone-to-implant contact [BIC). The BICs for
groups 1, 2, 3, end 4 were 40.77%, 50.35%, 55.64%, and 30.57%, respectively.
The findings indicate that PM may be useful as a scaffold for bone regeneration
around dental :‘mpiams. fint J Periodontics Restorative Dent 2011;31:e%-e14.)
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Bone regeneration and augmenta-
tion for dental implant placement
are frequently carried out using
autografts, allografts, xenografts,
or synthetic materials.™ Among
these materials, autogenous bone
grafts are considered an ideal graft
material and the gold standard.
However, the harvesting of bone
grafts injures otherwise healthy
sites, causing morbidity.5¢ Pres-
ently, bone substitutes such as hy-
droxyapatite, tricalcium phosphate,
or inorganic porous animal-derived
bone minerals’™” are used to pro-
vide alternatives to autogenous
bone for improvement of the bone
volume; these materials need to be
researched more regarding their
safety and effectiveness in clinical
practice.'%! Moreover, these mate-
rials and internal structures may not
provide a particularly favorable en-
vironment for cell survival and bone
regeneration, and the microscale
environment of these materials
needs to serve as an extracellular
matrix {ECM) in nature,

The present study considered
the use of the novel matrix mate-
rial PuraMatrix (PM; 3-D Matrix),
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Fig1 Molecular structure of PM. Molecular models of the amphi-
philic seff-complementary peptide have 16 amino acids with an al-
ternating polar and nonpolar pattern. A = alanine; R = arginire; D =
aspartic acid; + and - refer to the positively and negatively charged
residues, respectively

+ O T

ey o

Ac-ReAAuD-AR-ADA-R-A-D-A-R-AD-A-CONH,

w0 e C

which is synthesized by chemical
peptide methods, has similarities
to the fibers and pore sizes found
in ECM, is not animal-derived, and
shows fluid characteristics.'? There-
fore, PM axhibits good plasticity,
absorption, biocompatibility prop-
erties, and is devoid of animal-
derived pathogens and antigens.®

Recently, a concept of tissue
engineering whereby isolated cells,
signal molecules, and scaffolds are
necessary for tissue regeneration
has been proposed.’ Successful
tissue engineering involves the im-
plantation of living cells along with
synthetic materials and results in
new tlissue regeneration.’® Tissue
engineering procedures for bone

augmentation offer significant ad- |

vantages compared with conven-
tional grafts since there is minimal
or little donor site morbidity.’ With-
in this concept, the authors suggest
the use of mesenchymal stem cells
{MSCs) as the cells, platelet-rich
plasma {PRP) as the source of signal
molecules,' and PM as the scaffold.
Generally, in tissue engineering, the
cells are typically seeded in a three-
dirmensional (3D) scaffold, which not
only provides the anchorage for cell
adhesion, but also creates a suitable

cellular microenvironment through
achesions that regulate cell differ-
entiation and cell-cell signaling.®

Method and materials

All animal experiments undertaken
were performed in strict accordance
with protocols approved by the In-
stitutional Animal Care Commit-
tee. After a period of acclimation,
hybrid dogs with a mean age of 2
years were operated on under gen-
eral anesthesia. The first molar and
all premolars in the mandible were
extracted, and sxtraction sites ware
allowed to heal for 4 weeks. Bone
defects on both sides of the mandi-
ble were prepared with a 10-mm {di-
ameter and depth) trephine bur 7%
The defects received implants using
graft materials as follows: group 1,
PuraMatrix (PM}; group 2, PM and
dog MSCs (dMSCs; PM/AMSCs);
group 3, PM, dMSCs, and PRP
{PM/dMSCs/PRP);, and group 4,
control {defect only). Without any
differences between the various
sites in terms of bone healing, three
defects per side of the mandible
were prepared, and the four groups
of materials were implanted in a

random and non-site-specific man-
ner. After 8 weeks, bone biopsies
were taken using a 2-mm-diameter
trephine bur,andBranemarkimplants
{8.5 mm in length, 3.75 mm in di-
ameter; Nobel Biocare) were placed
into the bone regeneration areas.

Cell cultivation

Bone marrow cell isolation and ex-
pansion were performed according
to previous methods." The cells
were incubated at 37°C in a humnid-
ified atmosphere containing 95%
air and 5% carbon dioxide. In cul-
ture, dMSCs were trypsinized and
used for implanting.

PM is a synthetic peptide con-
sisting of a sequence of 16 amino
acids {Ac-RADARADARADARADA-
CONH,) (Fig 1}). PM peptide hydro-
gel was sonicated for 30 minutes
using a sonic machine {Branson).
Phosphate-buffered (100
ul} was layered over the top of the

saline

hydrogel, allowed to sit at room
temperature for 1 minute, and then
mixed gently. PRP was prepared
according to previous methods. "
Then, the PRP and dMSCs {1.0 X
107 cells/mb) or dMSCs alone (1.0
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