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Abstract

Introduction: We evaluated the effects of synthesized collagen model polypeptides consisting of a
proline-hydroxyproline-glycine (poly(PHG)) sequence combined with porous alpha-tricalcium
phosphate (o-TCP) particles on bone formation in a canine tibia defect model. Materials and
Methods: The porous a-TCP particles were mixed with a poly(PHG) solution, and the obtained
sponge was then cross-linked and characterized by X-ray diffraction and scanning electron
microscopy (SEM). Tibia defects were analyzed in 12 healthy beagles using micro-computed
tomography and histological evaluation. Results: At 2 and 4 weeks, the volume density of new bone
was higher in the poly(PHG)/a-TCP group than poly(PHG) alone group (p < 0.05); however, there
was no difference at 8 weeks (p > 0.05). Histological evaluation at 4 weeks after implantation revealed
that the poly(PHG) had degraded and newly formed bone was present on the surface of the o-TCP
particles. At 8 weeks, continuous cortical bone formation with a Haversian structure covered the top of
the bone defects in both groups. Conclusion: This study demonstrates that the composite created using
porous o-TCP particles and poly(PHG) is sufficiently adaptable for treating bone defects.
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Introduction

In oral and maxillofacial surgery, bone defects commonly occur due to infections, trauma, tumors, and
cysts, as well as clefts of the alveolar bone and palate. Bone resorption caused by periodontal diseases
often results in tooth loss.! Autologous bone is widely regarded as the gold standard graft material >
However, a limited amount of autologous bone can be harvested from an individual, and the procedure
is relatively invasive. Therefore, scaffold materials are required, which should be bioabsorbable and
able to be ultimately replaced by autologous tissue.* Furthermore, they should have superior handling
characteristics for surgical applications, because conventional granular materials tend to leak from
pores and are difficult to apply to bone defects.>®

The most popular scaffold materials are hydroxyapatite (HA), tricalcium phosphate (TCP),
and tetracalcium phosphate, which are widely used in orthopedic and maxillofacial surgery because
they show high biocompatibility and osteocompatibility.” Among the various calcium phosphate
materials possible, previous studies have highlighted the potential of o-TCP particles as bone
rebuilding materials, because they gradually biodegrade while bone regenerates around them.® For
example, Kitamura et al.® developed an a-TCP porous body with a continuous pore structure via a
relatively simple processing method involving a conventional sintering procedure—they used a slurry
of B-TCP and potato starch to produce o-TCP that was in a thermodynamically stable phase at
temperatures above 1,100°C.

Collagen has been widely applied clinically in various forms, such as gels or sponges,
because it shows good biodegradability, biocompatibility, and absorbability. *° For example, collagen
sponges are considered as a useful scaffold matrix for several types of tissues. Tanihara et al.*!
previously reported the chemical synthesis of collagen model polypeptides consisting of a
proline-hydroxyproline-glycine (poly(PHG)) sequence that forms a triple-helical structure. Our
previous study evaluated the effects of combining poly(PHG) and o-TCP particles on bone formation
in a skull defect mini-pig model.® The material obtained by combining poly(PHG) and o-TCP particles
did not induce inflammation and complete degradation and remodeling of the lamellar bone was
observed.® However, the solution and particles combination was difficult to apply to bone defects, and
showed a tendency to leak from defects.

Several novel peptide-based biomaterial scaffolds for tissue engineering have been
reported??; however, it is still a great challenge to fabricate scaffolds for use in bone tissue engineering.
In this study, we used a dehydrothermal cross-linking method to construct a poly(PHG) and porous
a-TCP sponge as a scaffold for the bone regeneration. The effects of the poly(PHG)/a-TCP scaffold
on bone regeneration were evaluated in surgically induced canine tibia defects.

Materials and Methods

Synthesis of Poly(PHG)

Poly(PHG) was synthesized according to previously published methods.*! Briefly, PHG was dissolved
in 10 mM phosphate buffer (pH 7.4) at a concentration of 165 mM, and mixed with
1-hydroxybenzotriazole (33 mM; Peptide Institute, Osaka, Japan) and 1-ethyl-3-(3-
dimethyl-aminopropyl)-carbodiimide hydrochloride (825 mM; Peptide Institute). After sequential
stirring for 2 hours at 4°C and 46 hours at 20°C, the reaction mixture was dialyzed against water for
48 hours to remove any residual reagents.

Preparation of Poly(PHG)/a-TCP Sponges

The particles were prepared by pulverization of an a-TCP block with 80% of pores showing a
continuous pore structures. Large and small o-TCP particles were provided by Taihei Chemical
Industrial Co. Ltd. (Osaka, Japan). The median sizes of the large and small particles were 580.8 um
and 136.2 um, respectively. The large and small o-TCP particles were mixed at mass ratios of 50:50
mass%. Next, a-TCP particles were mixed with the aqueous poly(PHG) solution at a concentration of
10mg/mL. In our previous study?, the initial Young’s modulus of B-TCP/atelocollagen sponge (0.2
o/mL) differed significantly from those of the other three composites (0.1, 0.05, and 0.02 g/mL). In
this study, a composite sponge was not molded because there were too many granules at a 0.2 g/mL
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mixing concentration of o-TCP and the poly(PHG) solution. Thus, the optimal mixing concentration
of a-TCP and the poly(PHG) solution was determined to be 0.15 g/mL to produce the molded sponge.
The mixture was then poured into plastic molds, and all samples were immediately frozen to —80°C
and freeze-dried for 24 hours. The freeze-dried poly(PHG)/a-TCP constructs resembled sponge-like
structures, and were subsequently cross-linked in vacuo at 140°C for 10 hours. The poly(PHG)/a-TCP
sponges were sterilized with ethylene oxide gas at 40°C. The poly(PHG) sponges without o-TCP
particles as a control were also prepared by same method.

X-ray diffraction (XRD) measurements of a-TCP

XRD measurements were performed using a Geigerflex diffractometer (Ultima IV; Rigaku, Tokyo,
Japan) with Cu Ka radiation generated at 40 kV and 40 mA. The scan rate was 48/min with a step size
of 0.028 over a 2u range of 10-80°.

Establishment of the Animal Model
Twelve healthy beagles 2 years of age and weighing approximately 10 kg were obtained from
Hamaguchi Animal (Osaka, Japan) and used as the tibia defect model. The canines were housed in a
temperature controlled environment at 24°C and were allowed food and water ad libitum. The body
weight and general health of the canines were monitored throughout the study.

Transplantation Procedures

All procedures in this work were approved by the Animal Experiment Committee of Osaka Dental
University and conformed to procedures described in the Guiding Principles for the Use of Laboratory
Animals (approval number12-12001, 13-03026).

An initial incision was made in the skin covering an appropriate part of the tibia, and the skin
and subcutaneous tissue were separated from the periosteum. A second incision was made in the
periosteum of the tibia, and the periosteum was elevated and carefully dissected from the underlying
tibia and identical defects (4 mm diameter, 6 mm depth) were made using a twist drill (Astra Tech,
Tokyo, Japan) with physiologic saline cooling under general anesthesia (0.5 mg/kg pentobarbital
sodium) and infiltration anesthesia (1.8 ml 2% lidocaine hydrochloride and 1:80,000 epinephrine). The
defects were randomly filled with one of the two treatments as follows: the experimental group
(animals with a transplanted mixture of poly(PHG) and «-TCP) and the control group (animals
transplanted with poly(PHG) alone). Assessments were made at three different time periods (2, 4, and
8 weeks) after surgery. The periosteum and skin over the defects were then sutured in two layers (3-0
Vicryl; Ethicon GmbH & Co. KG, Norderstedt, Germany and 3-0 MANI SILK; MANI, INC, Tochigi,
Japan). Six cavities were studied and tissues were histopathologically assessed at each follow-up time
in each group.

Radiographic Analysis

The tibias were harvested for microradiographic examination using an SMX-130CT micro-computed
tomography (CT) apparatus (Shimadzu, Kyoto, Japan). Blocks of bone specimens were mounted on
the turntable. The exposure conditions were 51 kV and 120 mA. The data obtained from each slice
were saved at 512 x 512 pixels. TRI/3D BON software (Ratoc Co. Ltd., Tokyo, Japan) was used to
create a three-dimensional (3D) reconstruction image using the volume rendering method for
morphological observations. In the 3D analysis, the total volume (TV; cm®) and bone volume (BV;
cm?®) were measured using the TRI/3D-BON software based on the obtained CT values. The
volumetric density (VD) was then calculated based on the following formula: VD (%) = BV/TV.

Histological Assessment

The tibias were fixed in 10% neutral-buffered formalin (Sigma, St. Louis, MO, USA), demineralized
in a solution of ethylenediaminetetraacetic acid (Sigma), dehydrated in a series of alcohol washes, and
embedded in paraffin. The tibias were sectioned (5-7 um) in the coronal plane and stained with
hematoxylin and eosin (HE). Each section was observed using a BZ9000 All-in-One Fluorescence
Microscope (Keyence, Tokyo, Japan). A fluorescence filter was used to visualize the remaining
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poly(PHG) fragment and a-TCP particles.

Statistical Analysis

The mean and standard deviation of each parameter were calculated for each group and compared
using the Student’s t-test by using statistical software (Statcel2; OMS Publisher, Tokorozawa, Japan).
A value of p < 0.05 was considered to be significant.



Results

Porous a-TCP particles.
Fig. 1 shows a scanning electron microscope (SEM) image of the synthesized porous ceramic particles.
The ceramic body had a continuous pore structure, with a pore diameter of approximately 5-10 pum.

Characteristics of the poly(PHG)/a-TCP sponge.

Fig. 2 shows the general morphology of the poly(PHG)/a-TCP sponge. Fig. 3A shows the
appearance of poly(PHG)/a-TCP, and Fig. 3B shows the microstructure of poly(PHG). The
composites were composed of a-TCP particles and a 3D porous structure (with an anatomizing
network).

XRD Measurements of a-TCP Particles.

Fig. 4 shows the XRD patterns of the poly(PHG)/o-TCP sponge and the o-TCP particles. The
diffraction peaks of poly(PHG)/a-TCP (Fig. 4A) were reduced compared to those of the original
a-TCP particles (Fig. 4B). However, a comparison of the scatter plot data of the synthesized o-TCP
particles against a-TCP data registered with the Joint Committee on Powder Diffraction Standards
(JCPDS) confirmed that these peaks appeared at the same angles.

Microradiography.

Representative 3D reconstructions of the filled defects in the poly(PHG)/a-TCP (experimental) and
poly(PHG) alone (control) groups at 2, 4, and 8 weeks are presented in Fig. 5. In the experimental
group, an impermeable image similar to that of the original a-TCP particles was observed at 2 weeks,
and the amount of new bone increased over time so that the entire volume of each defect was filled
with newly formed bone with a trabecular structure at 8 weeks. In the control group, the defects were
empty and showed dense formation from the edge of the defect toward the center, with thickening
observed between 4 and 8 weeks.

The VDs of each group at the three time points are shown in Fig. 6. At 2 and 4 weeks
post-transplantation, the VDs in the experimental group were higher than those of the control group (p
< 0.05). However, no significant difference in VD was observed between the two groups at 8 weeks
post-transplantation (p > 0.05).

Histological Assessment at 2 \Weeks.

The remaining poly(PHG) fragments and «-TCP particles appeared as fluorescent green and black,
respectively, under the microscope (Fig. 7C , F). The poly(PHG)/a-TCP and poly(PHG) used to fill
defects in the experimental and control groups, respectively, were not degraded (Fig. 7). In the
experimental group, a-TCP particles were encapsulated by connective tissue, and the inflammatory
reaction was minimal. High numbers of osteoblasts and new blood vessels were observed around
o-TCP particles. Large, foreign cells resulting from the inflammatory response were observed, but
were reduced in number compared to the control group (Fig. 7B, E).

Histological Assessment at 4 \Weeks.

The remaining poly(PHG) fragments and a-TCP particles appeared as fluorescent green and black,
respectively (Fig. 8C, F). In the experimental group (Fig. 8A, B, C), the a-TCP particles remained,
and a reticulate structure was observed inside the particles. The newly formed, woven bone was
directly deposited on the surface of the a-TCP particles and was also formed from the edge of the
bone defect. Furthermore, the newly formed bone was interconnected and several osteocytes could be
observed in an irregular pattern. By contrast, the poly(PHG) was remarkably degraded and was
surrounded by connective tissue. In the control group (Fig. 8D, E, F), many poly(PHG) fragments also
remained; however, some fragments of the implanted poly(PHG) were replaced by connective tissue
similar to immature bone. The numbers of large foreign cells in both group were substantially
decreased compared to those observed at 2 weeks post-surgery (Fig. 8).



Histological Assessment at 8 Weeks.

In both the experimental and control groups (Fig. 9), poly(PHG)/o-TCP particles were degraded and
poly(PHG) was almost completely substituted by newly formed bone. A large number of osteoblasts
were observed around newly formed bone, and bone formation appeared to have progressed in both
groups (Fig. 9B, E). As a result, continuous cortical bone formation with Haversian structure covered
the top of the bone defect and no histological marker indicative of an inflammatory response was
observed in either group.



Discussion

Although autologous bone is considered to be the best grafting material, considerable effort has gone
into the development of resorbable bone substitutes for use in the repair of periodontal osseous defects
and alveolar ridge augmentation.® 4 In this study, we fabricated a biodegradable sponge composite
for bone regeneration by combining porous o-TCP and poly(PHG). The poly(PHG)/a-TCP sponge
can be easily cut with scissors or a sharp knife, and therefore, can be easily molded for use in alveolar
bone augmentation. We evaluated the effects of this sponge on bone regeneration after implantation in
canine tibia defects.

Calcium phosphate ceramics have been widely used to fill bone defects because of their
osteoconductivity.'® The in vivo degradation rate of TCP is higher than that of HA. In addition, a-TCP
dissolves more easily in water than B-TCP even though they have exactly the same chemical
composition.® Uchino et al.!’ found that HA formation is rarely observed on the surface of porous
a-TCP ceramics with 80% porosity. In the present study, the composite sponge was fabricated by
mixing poly(PHG) solution and porous a-TCP. However, the XRD pattern of poly(PHG)/a-TCP was
not particularly different from that of a-TCP.

TCP’s porous body gradually dissolves away from bone defects during bone repair, allowing
for its substitution by regenerated bone.'® Such a bioabsorbable ceramic with macropores is attractive
for use as a bone filler in medical applications because its porous structure allows cell invasion.®
However, the solubility of porous o-TCP might be higher than that of the original o-TCP, making it
liable to be completely resorbed in the body before a bone defect can be repaired by bone regeneration.
Kitamura et al.® reported that a higher degree of bone in-growth seemed to occur in porous o-TCP by
coating it with an organic polymer. In vivo evaluation further showed that such a coating is effective
for controlling the degradation rate of implanted a-TCP. In this study, we expected that the mixture of
porous a-TCP and poly(PHG) would be similarly effective.

The particle size of bone graft materials is an important determinant of their osteogenic
activity.® 20 The particle size also affects the quantity of the newly formed bone. The effects of
combining poly(PHG) and a.-TCP particles of various median sizes (large: 580.8 um; small: 136.2 pum;
or large and small mixed: 499.3 um) on bone formation were evaluated in our previous study using a
skull defect model in mini-pigs, and we showed that the bone formation and healing processes were
faster in the mixed group than in the large or small groups.® This suggested that small a-TCP particles
might initiate new bone formation and induce absorption of the large particles and replacement by
mature bone.® In the present study, the large and small o-TCP particles mixed at mass ratios of 50:50
weight% were used in the fabrication of the sponge.

Collagen has been conventionally applied in clinical settings in various forms, such as gels or
sponges, since it shows good biocompatibility and absorbability. Atelocollagen molecules do not
contain telopeptides, and tend to show extremely low antigenicity when adopted as basic materials for
medical use. 2! Our previous study demonstrated that composites created using o- or B-TCP particles
and collagen sponges possessed adequate mechanical strength and were sufficiently adaptable for
treating rat calvarias or canine tibia bone defects, respectively.™ > However, the major disadvantages of
using natural collagens of animal origin, such as atelocollagen, are the potential for antigenicity,
pathogen pollution, and nonspecific cell adhesion.?? By contrast, poly(PHG) removes the danger of
pathogen pollution associated with animal-derived collagens and could self-assemble and form 2D and
3D structures.’* Naturally, collagen fibers and other starting materials in implant materials tend to
degrade soon after implantation. Tanihara!* found that the rate of biodegradation of a poly(PHG)
sponge implanted subcutaneously in a rat dorsal was nearly the same as that of Terudermis®, which is
made from bovine type | atelocollagen.

Micro-CT has high resolution and only requires very thin tissue slices. With a larger number
of slices the spatial differences within areas of the specimen become negligible.? In our study,
micro-CT analysis showed that the VD in the experimental group was higher than that of the control at
2 and 4 weeks post-transplant, but not at 8 weeks. At 2 weeks, the high VD in the experimental group
was not due to new bone formation but rather to the density of the remaining a-TCP. At 4 weeks, the
density of the newly formed replacement bone was higher than that of the control group. However, at
8 weeks, the defects were almost completely filled with newly formed bone in both groups.
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The processes of in vivo mineralization and biodegradation are complex for a composite
scaffold. The balance of mineral deposition, biodegradation, and tissue regeneration changes greatly at
different times after transplantation. In both the control and experimental groups, the absorption of
poly(PHG) and a-TCP had started by 2 weeks and was completely finished by 8 weeks when it was
replaced by a network of newly formed bone. In our previous study *, the atelocollagen sponge-only
scaffold was completely degraded at 4 weeks after implantation in a canine tibia model. Although the
sponge scaffold was replaced not only by soft connective tissue but also by newly formed bone, the
new bone did not show the formation of a typical bone network. The reason for this discrepancy might
be related to differences of biodegradation between atelocollagen and poly(PHG) sponges. In the
present study, some poly(PHG) remained at 4 weeks after implantation and was replaced by a network
of newly formed bone. The physical characteristics of a-TCP result in higher and earlier remodeling
activity than B-TCP #, and the degradation rates of the porous a-TCP used in the present study are
expected to be faster than the original a-TCP. The slow degradation rate of poly(PHG) combined
with the rapid degradation of porous a-TCP balanced to match the rate of bone tissue regeneration.
Thus, the poly(PHG)/a-TCP sponge we fabricated showed faster and better bone induction capacities
compared to the poly(PHG) sponge. In addition, the remaining a-TCP particles in the defect were in
direct contact with the newly formed bone. Osteogenic progenitor cells migrated from the adjacent
bone edge or bottom, adhered to the surface of the o-TCP particles, and subsequently formed new
bone. These results suggest that the adequate 3D porous structure consisting of poly(PHG) and o-TCP
particles served to provide an appropriate spatial arrangement for the osteogenetic cells as well as to
facilitate vascular invasion.



Conclusion

This study demonstrated that a sponge created using porous o-TCP particles and poly(PHG), which is
a chemically synthesized collagen model polypeptide, is sufficiently adaptable for treating bone
defects. Furthermore, the biodegradable poly(PHG)/a-TCP sponge was replaced by newly formed
bone without any adverse responses. Therefore, this newly developed sponge composite may be useful
for bone tissue engineering. The dehydrothermally cross-linked poly(PHG)/a-TCP sponge can be
easily shaped, and therefore easily molded for applications to treat various tissue disorders such as
periodontal bone defects, cyst cavities and alveolar bone augmentation.
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Fig. 1. Photograph of poly(PHG)/a-TCP sponge. Scale = 20.0 mm.

Fig. 2. Scanning electron microscope image of porous a-TCP particles. Scale = 15.0 um.

Fig. 3. Scanning electron microscope image of poly(PHG)/a-TCP A and poly(PHG) B. The

asterisk respectively indicates poly(PHG) fragments and porous o-TCP particles. Scale =
200 pm.

Fig. 4. X-ray diffraction pattern of poly(PHG)/a-TCP A and porous o-TCP particles B.

Fig. 5. Micro-computed tomography images at 2, 4, and 8 weeks after surgery. The volumetric
density (VD %) is calculated as bone volume (BV) /total volume (TV) (yellow box). Co:
cortical bone side, Ma: marrow bone side.

Fig. 6. Volumetric densities (%) of each group reflecting the quantity of new bone at 2, 4, and 8
weeks after surgery.

Fig. 7. Light microscopic images of hematoxylin and eosin-stained sections of defects at 2
weeks. A Experimental group, lower magnification; B experimental group, higher
magnification; C experimental group, higher magnification using a fluorescence filter; D
control group, lower magnification; E control group, higher magnification; F control group,
higher magnification using a fluorescence filter. Asterisk: poly(PHG); TCP: a-TCP particle;
CT: connective tissue; NB: new bone; black arrow: capillary; black dot arrow: large foreign
cells. Scale =A, D 10 mm. B, C, E and F = 100 pm.

Fig. 8. Light microscopic images of hematoxylin and eosin-stained sections of defects at 4
weeks. A Experimental group, lower magnification; B experimental group, higher
magnification; C experimental group, higher magnification using a fluorescence filter; D
control group, lower magnification; E control group, higher magnification; F control group,
higher magnification using a fluorescence filter. Asterisk: poly(PHG); TCP: a-TCP patrticle;
CT: connective tissue; NB: new bone; black arrow: capillary; black dot arrow: large foreign
cells. Scale = A, D 10 mm. B, C, E and F = 100 pm.

Fig. 9. Light microscopic images of hematoxylin and eosin-stained sections of defects at 8
weeks. A Experimental group, lower magnification; B experimental group, higher
magnification; C experimental group, higher magnification using a fluorescence filter; D
control group, lower magnification; E control group, higher magnification; F control group,
higher magnification using a fluorescence filter. Asterisk: poly(PHG); TCP: a-TCP patrticle;
CT: connective tissue; NB: new bone; black arrow: capillary; black triangle: osteoblasts.
Scale =A, D 10 mm. B, C, E and F = 100 pm.
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