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Abstract
Background and objectives

In the treatment of severe periodontal destruction, there is a strong demand for
advanced scaffolds that can regenerate periodontal tissues with adequate quality and
quantity. Recently, we developed a plasma- and precursor-assisted biomimetic process by
which a porous collagen scaffold (CS) could be coated with low-crystalline apatite. The
apatite-coated collagen scaffold (Ap-CS) promotes cellular ingrowth within the scaffold
compared to CS in rat subcutaneous tissue. In the present study, the osteogenic activity
of Ap-CS was characterized by cell culture and rat skull augmentation tests. In addition,
the periodontal tissue reconstruction with Ap-CS in a beagle dog was compared to that

with CS.

Methods

The plasma- and precursor-assisted biomimetic process was applied to CS to obtain
Ap-CS with a low-crystalline apatite coating. The effects of apatite coating on the scaffold
characteristics (i.e., surface morphology, water absorption, Ca release, protein adsorption,
and enzymatic degradation resistance) were assessed. Cyto-compatibility and the
osteogenic properties of Ap-CS and CS were assessed in vitro using preosteoblastic
MC3T3-El cells. In addition, we performed in vivo studies to evaluate bone
augmentation and periodontal tissue reconstruction with Ap-CS and CS in a rat skull and

canine furcation lesion, respectively.



Results

As previously reported, the plasma- and precursor-assisted biomimetic process
generated a low-crystalline apatite layer with a nanoporous structure that uniformly
covered the Ap-CS surface. Ap-CS showed significantly higher water absorption, Ca
release, lysozyme adsorption, and collagenase resistance than CS. Cell culture
experiments revealed that Ap-CS was superior to CS in promoting the osteoblastic
differentiation of MC3T3-E1 cells while suppressing their proliferation. Additionally,
Ap-CS significantly promoted (compared to CS) the augmentation of the rat skull bone

and showed the potential to regenerate alveolar bone in a dog furcation defect.

Conclusion
Ap-CS fabricated by the plasma- and precursor-assisted biomimetic process
provided superior promotion of osteogenic differentiation and bone neoformation

compared to CS.
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1. Introduction

Periodontal disease by infection with periodontal pathogens frequently induces
inflammatory responses that result in the severe destruction of the periodontal tissue,
including alveolar bone, related to tooth supporting system. The goal of periodontal tissue
engineering is to regenerate lost soft and hard tissues using three elements": cells®>¥,
growth factors®®), and scaffolds®!'". Among these three elements, scaffolds take a key
role in tissue engineering by inducing tissue responses, such as cell proliferation and
differentiation, vascular network construction, and extracellular matrix secretion, thereby
regenerating a three-dimensional functional tissue'?. Although various scaffolds have
been developed, none has achieved sufficient periodontal regeneration in the case of
severe periodontal tissue destruction. Therefore, a scaffold with advanced functionality is
required for periodontal regenerative therapy.

Sintered calcium phosphates (CaPs), such as hydroxyapatite (HA) and B-tricalcium
phosphate (B-TCP), have been used clinically as osteoconductive scaffolds, given their
compositional similarity to human bone minerals'* '¥. These bioceramics have the
advantages of biocompatibility and osteoconductivity'> !¢, but have the disadvantage of
slow bioresorbability. Sintered HA is rarely resorbed after implantation and remains in
the body for a long time'”!¥). Despite being categorized as bioresorbable ceramics, B-TCP
can remain in the body for over half of a year®> 2", Bone defects created by periodontal
disease are located close to oral cavity; to reduce infection risk, a scaffold should be
rapidly resorbed while being replaced with the regenerated bone tissue.

Natural bone shows a hierarchical structure consisting of low-crystalline apatite
crystals deposited on a three-dimensional network of collagen matrices*?. Therefore, it is

expected that a similar nanocomposite, i.e., a low-crystalline apatite-coated collagen



network, would be beneficial as a scaffold for bone regeneration?. It is known that low-
crystalline apatite can be coated on a substrate using an acellular supersaturated CaP
solution as a coating medium, a process that resembles in vivo bone apatite formation.
The resulting low-crystalline apatite exhibits good osteogenic cell compatibility, as well
as higher biodegradability compared to sintered HA ceramics®¥. The low-crystalline
apatite coating process using supersaturated CaP solutions (biomimetic process) is a mild
liquid-phase method; hence, this process can be carried out at normal temperature and
pressure, and can be used with low-melting-point substrates including organic polymers.
These are notable advantages to the biomimetic process compared to commonly used CaP

23:26) pulse laser deposition®”-?®), and sputtering

coating processes such as plasma spraying
methods?”3?. Oyane et al. previously developed a relatively simple biomimetic technique,
the plasma- and precursor-assisted biomimetic process®?. In this process, a substrate is
treated with oxygen plasma for surface activation, dipped alternately in Ca and P solutions
for precoating with amorphous CaP (a precursor of apatite), and then immersed in a
supersaturated CaP solution for low-crystalline apatite coating. Those authors succeeded
in low-crystalline apatite coating of various materials, including porous blocks®?), fibers®?,
and sponges®? , by use of the plasma- and precursor-assisted biomimetic process.
Recently, Nathanael et al. created a three-dimensional collagen scaffold (CS)
coated with low-crystalline apatite using the plasma- and precursor-assisted biomimetic
process>>. The apatite-coated collagen scaffold (Ap-CS) promoted cell-ingrowth into the
scaffold compared to the uncoated CS in rat subcutaneous tissue®>. We hypothesized that
Ap-CS should promote osteogenic differentiation, bone formation, and periodontal

regeneration compared to CS. The aim of the present study was to perform in-depth

characterization of Ap-CS to verify our hypothesis and to demonstrate the potential utility



of Ap-CS for periodontal tissue engineering. In vitro cell culture tests were carried out to
elucidate the osteogenic properties of Ap-CS. Bone augmentation by Ap-CS was
examined after implantation onto the rat skull. In addition, periodontal reconstruction by
Ap-CS was investigated in an experimental canine furcation defect model. The results

obtained with Ap-CS were compared to those obtained with CS.

2. Materials and Methods
2.1. Preparation of CS and Ap-CS

Ap-CS (Figure 1A, right) was prepared from CS (Figure 1A, left) by the plasma-
and precursor-assisted biomimetic process (Figure 2) as described previously®”. CS was
prepared by cutting a sheet of calf atelocollagen (Terudermis®, Olympus Terumo
Biomaterials Corp., Tokyo, Japan) into rectangular pieces (6 mm x 6 mm x 3 mm, Figure
1A, left). CS was treated with oxygen plasma to increase the hydrophilicity of the surface.
The plasma treatment was carried out under an O> gas (Takachiho Chemical Industrial
Co., Ltd., Tokyo, Japan) pressure of 30 Pa for 30 seconds with a power density of 0.1
W/cm?, using an ion etching system (FA-1, Samco Inc., Kyoto, Japan). Three pieces of
the plasma-treated CS were immersed in 30 mL of a 200 mM CaCl» solution, washed
with 30 mL of ultrapure water, and then immersed in 30 mL of a 200 mM K>;HPO4-3H,0
solution for precoating with amorphous CaP. A vacuum degassing system was employed
to fill and exchange the solutions throughout the interconnected porous structure of the
scaffold, as detailed in the previous report>>.

The scaffolds (3 pieces) were removed from the 200 mM K>;HPO4-3H>0 solution,
rinsed with a supersaturated CaP solution (CP solution), and each piece was subsequently

immersed in 30 mL of the CP solution for 48 hours at 25 °C to permit the amorphous CaP



to grow into low-crystalline apatite. The CP solution was prepared by dissolving reagent-
grade NaCl (final concentration = 142 mM), KoHPO4-3H>O (1.50 mM), HCI (40 mM),
and CaCl; (3.75 mM) sequentially in ultrapure water. The pH of the solution was adjusted
to a final value of 7.4 at 25 °C using tris(hydroxymethyl)aminomethane (50 mM) and the
required amount of 1 M HCI. All of the reagents used for preparation of the CP solution
were purchased from Nacalai Tesque, Inc., Kyoto, Japan. After immersion in the CP
solution for 48 hours, the scaffold was washed with ultrapure water and freeze-dried in a
lyophilizer (Model DC41, Yamato Scientific Co., Ltd., Japan, and FDS-1000, Tokyo

Rikakikai Co., Ltd., Tokyo, Japan) to finally obtain Ap-CS (Figure 1A, right).

2.2 Physicochemical characterization
2.2.1. Scanning electron microscope (SEM) observation

Each piece of CS and Ap-CS was halved to expose its inner surface of the scaffold.
The nano-micro scale structures of the outer and cut (inner) surfaces of CS and Ap-CS
were observed by SEM (S-4800; Hitachi, Ltd., Tokyo, Japan) at accelerating voltage of

10 kV after Pt-Pd coating.

2.2.2. Water absorption test

Water absorption capacity of CS and Ap-CS was assessed as described
previously*®. Each piece of CS and Ap-CS was weighed and immersed in sterile distilled
water (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) for 30 minutes at room
temperature. After wiping excess water from the scaffold using Whatman filter paper (GE
Healthcare Japan Co., Ltd., Japan), the scaffold was weighed again to quantify the amount

of absorbed water.



2.2.3. Calcium-releasing test

Calcium (Ca) release from CS and Ap-CS was assessed. Each piece of CS and Ap-
CS was immersed in 0.5 mL of phosphate-buffered saline (PBS, FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan) at 37 °C for 7 days. The amount of released Ca in PBS
was measured using a calcium test kit (calciumE-test; FUJIFILM Wako Pure Chemical

Corp.) and spectrophotometer (U-1100; Hitachi, Ltd.) at 610 nm.

2.2.4. Protein adsorption test

Protein adsorption on CS and Ap-CS was assessed using anionic bovine serum
albumin (FUJIFILM Wako Pure Chemical Corp.) and cationic lysozyme hydrochloride
from egg white (FUJIFILM Wako Pure Chemical Corp.). Portions (50 pg) of each protein
were dissolved (separately) in 100 pL of distilled water; the resulting solutions were
absorbed by each piece of CS and Ap-CS under reduced pressure. Subsequently, the
scaffold was immersed into 1.0 mL of deionized distilled water to permit leaching of
unbound and weakly bound protein. After stirring for 10 minutes, the protein content
leached from the scaffold into the water was measured using a total protein kit (Micro
Lowry, Peterson’s Modification; Sigma-Aldrich Co., St Louis, MO, USA) in combination
with a spectrophotometer at 610 nm. The amount of each protein adsorbed onto CS and
Ap-CS was calculated by subtracting the protein content leached in the water from the

applied total dose.

2.2.5. Enzymatic degradation test

To assess the collagenase resistance of CS and Ap-CS, each piece was weighed and



then immersed in 1 mL of PBS supplemented with 1% collagenase type I (0.1 mg/mL;
FUJIFILM Wako Pure Chemical Corp.) for 3 hours at 37 °C. After the collagenase
treatment, the residual scaffold was dehydrated using absolute ethanol, air-dried, and
weighed. The enzymatic degradation rate was calculated from the weight loss of the

scaffold following collagenase treatment.

2.3. Cell culture experiments
2.3.1. Cyto-compatibility assessments

Mouse-derived osteoblastic MC3T3-E1 cells (5x10* RIKEN BioResource Center,
Tsukuba, Japan) were inoculated onto CS and Ap-CS in 48-well plates and cultured in a
humidified 5% CO; atmosphere at 37 °C. The culture medium was a mixture of the
following reagents purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA):
minimum essential medium (alpha-GlutaMAX™-I), 10% qualified fetal bovine serum,
and 1% penicillin/streptomycin. After incubation for 1, 3, 5, or 7 days, a water-soluble
tetrazolium salt-8 (WST-8) assay and a lactate dehydrogenase (LDH) assay were carried
out using Cell Counting Kit-8 (Dojindo Laboratories, Mashiki, Japan) and Cytotoxicity
LDH Assay Kit-WST (Dojindo Laboratories), respectively. In both assays, the
absorbance was measured using a microplate reader (ETY-300, Toyo Sokki Co., Ltd.,
Japan).

To assess cell adhesion, MC3T3-E1 cells (7x10%) were seeded onto CS and Ap-CS,
cultured in 48-well plates for 24 hours, and fixed with 3.5% formaldehyde. The cells were
treated at 4 °C overnight with F-actin probe (1.5 pg, Actistain 555 Fluorescent Phalloidin;
Cytoskeleton, Inc., Denver, CO, USA) and nuclear staining dye (2 pg, 4°,6-diamidino-2-

phenylindole, Dojindo Laboratories) according to the manufacturer’s instructions. The



cells then were observed with a fluorescence microscope (Biorevo BZ-9000, Keyence
Corp., Osaka, Japan).

In addition, MC3T3-E1 cells (2x10°) were inoculated onto CS and Ap-CS in 48-
well plates and cultured for 24 hours. The live and dead cells were stained respectively
with LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Thermo Fisher

Scientific Inc.) and observed by fluorescence microscopy.

2.3.2. Real-time reverse transcription-polymerase chain reaction (RT-PCR) assays
MC3T3-E1 cells (1x10°) were seeded on CS and Ap-CS placed in 48-well plates
and cultured for 14 days under the same conditions as in Section 2.3.1. The medium was
replaced every 2 days. After culturing for 14 days, total RNA was extracted from the
cultured cells using TRIzol (Invitrogen, Carlsbad, CA, USA). RNA (1 pg) was used for
reverse transcription. The resulting cDNA was amplified with ReverTra Ace-a FSK-101
(Toyobo Co., Ltd., Osaka, Japan). Primers (Applied Biosystems, Carlsbad, CA, USA)
were used to target the following osseous marker genes: alkaline phosphatase (Alp,
Mm00475834 ml), integrin-binding sialoprotein (Ibsp, Mm00492555 ml), and bone
gamma carboxyglutamate protein 1 (Bglapl, Mm03413826 ml). As a control, the
housekeeping gene  glyceraldehyde-3-phosphate dehydrogenase (Gapdh,
Mm99999915 gl) also was targeted. Real-time RT-PCR was carried out using an ABI
Prism 7300 sequence detection system (Applied Biosystems) and the resulting data were

standardized to Gapdh expression using the 2-AACt method®"®),

2.4. In vivo experiments

2.4.1. Animals



Animal experiments using rats and beagle dog were performed in accordance with
the institutional animal use and care regulations of Hokkaido University. All procedures
were approved by the Animal Research Committee of Hokkaido University (Approval
Numbers: 16-29 for the rat experiment and 19-84 for the dog experiment). Fourteen
Wistar rats (male, 10 weeks old, weighing 190-210 g each) and 1 Beagle dog (female, 12
months old, weighing approximately 10 kg) were used in this study. For general
anesthesia, we used a mixture of three drugs: midazolam (Dormicum; Astellas Pharma,
Inc., Tokyo, Japan), medetomidine hydrochloride (Domitor; Nippon Zenyaku Kogyo Co.,
Ltd., Koriyama, Japan), and butorphanol tartrate (Vetorphale; Meiji Seika Pharma Co.,
Ltd., Tokyo, Japan). The doses of midazolam, medetomidine hydrochloride, and
butorphanol tartrate in the mixture were 2.0, 0.15, and 2.5 pg/kg for rat (respectively) and
0.15, 0.04, and 0.15 pg/kg for dog (respectively). Local anesthesia was performed using
2% lidocaine hydrochloride with 1:80,000 epinephrine (Xylocaine Cartridge for Dental

Use; Dentsply Sirona K.K., Tokyo, Japan).

2.4.2. Implantation in a rat skull

CS and Ap-CS were implanted in a rat skull using the onlay grafting technique'®
for the bone augmentation test. After general anesthesia was applied, the rat skull was
exposed, and cortical bone with a size of 4 mm x 4 mm was removed by dental bur
(Maillefer steel round bur; Dentsply Sirona K.K., Tokyo, Japan) under irrigation with
saline (Otsuka Pharmaceutical Factory, Inc., Tokushima, Japan) (Figure 1B, left). A piece
of CS or Ap-CS was impregnated with physiological saline and placed onto the skull to
fully cover the decorticated region (Figure 1B, right). The skin was repositioned and

securely sutured, and tetracycline hydrochloride ointment (Achromycin Ointment; POLA



Pharma Inc., Tokyo, Japan) was applied to the wound. The rats implanted with CS and

Ap-CS were referred to as CS and Ap-CS groups, respectively.

2.4.3. Histological observation

Four rats (2 for each group) at 10 days after implantation were euthanized by
perfusion with 4% formaldehyde via the aorta after general anesthesia. The extracted rat
skulls were decalcified in 10% ethylenediaminetetraacetic acid (EDTA), embedded in
paraffin, and sliced. The resulting tissue sections were stained with hematoxylin—eosin
(HE), Masson's trichrome (MT), and tartrate-resistant acid phosphatase (TRAP). In
addition, immunohistochemical staining was conducted. After thermal epitope retrieval
(by heating at 95 °C in citrate buffer (pH 6) or Tris-EDTA buffer (pH 9)), the sections
were incubated overnight with the following primary antibodies: mouse anti-CD68 (1:100
dilution; Bio-Rad Laboratories, Inc., Hercules, CA), mouse anti-CD163 (1:150 dilution;
Bio-Rad Laboratories, Inc.), mouse anti-runt-related transcription factor 2 (RUNX2)
(1:200 dilution; Abcam plc., Cambridge, UK), and rabbit anti-osteocalcin (OCN) (1:200
dilution; Proteintech Group, Inc., Chicago, IL). Antigen—antibody reaction sites were
detected by Red Cy3 (Jackson Immuno-Research, Inc., West Grove, PA). Nuclear
staining was performed using SYTOX Green nucleic acid stain (Thermo Fisher Scientific

Inc.). The stained tissue sections were observed using fluorescence microscopy.

2.4.4. Histometric measurement
After 35 days of implantation, 10 rats (5 per group) were euthanized to prepare HE-
stained tissue sections (as described in Section 2.4.3). The sections were observed with a

light microscope for histomorphometric measurements of the area and height of the newly



formed bone, and of the area of the residual scaffold, using image analysis software

(Image J 1.41; National Institutes of Health, Bethesda, MD, USA).

2.4.5. Implantation in an experimental periodontal defect in dog

To evaluate periodontal reconstruction with Ap-CS, a pilot experiment was
conducted using a dog periodontal furcation defect model. Following general anesthesia,
buccal mucogingival flaps were elevated to expose the mandibular alveolar bone, and
class II buccal furcation defects (5 mm in height and 3 mm in horizontal width) were
created in the second, third, and fourth premolars (Figure 1C, left)” 'V, The defects
including the furcation and buccal cortical bone defect regions had a depth of
approximately 5-6 mm. After planing of the exposed root facing the furcation defects, the
defects were filled with a piece of CS or Ap-CS, and the sites were referred to as CS or
Ap-CS groups, respectively. Upon implantation, a piece of CS or Ap-CS was impregnated
with physiological saline and compressed to fulfill the defect (Figure 1C, right). Ap-CS
was applied to the furcation of the second and fourth premolars in the right teeth row, and
the third premolar in the left teeth row. CS was applied to the rest of the furcations. The

flaps then were repositioned and sutured.

2.4.6. Micro-computed tomography (micro-CT) and histological assessments

After 35 days of implantation, the dog was euthanized via perfusion fixation by
10% buffered formalin under general anesthesia. Tissue blocks including premolar
furcations were removed and observed using a micro-CT scanner (Latheta LCT-200,
Hitachi, Ltd.). The area of the radiopaque region (regarded as the calcified bone region)

in each furcation was measured using ImagelJ, and the bone volume was calculated as a



percentage of the furcation volume.

Subsequently, the tissue blocks were decalcified in 10% formic acid, embedded in
paraffin, and sliced along the mesio-distal plane to prepare HE-stained periodontal tissue
sections. The resulting sections were observed using light microscopy. The areas of the
newly formed bone and furcation defect were measured using ImageJ, and the bone area

was calculated as a percentage of the furcation area.

2.5. Statistical Analysis

For each quantitative parameter, mean and standard deviation were calculated.
Statistical differences were analyzed using two-tailed non-paired Student‘s t-tests (for
comparisons between two group) and two-tailed One-way ANOVA with post hoc Turkey
HSD test (for comparisons among three or more groups) using SPSS 11.0 (IBM
Corporation, Armonk, NY, USA); results with P < 0.05 were considered statistically

significant.

3. Results
3.1. Physicochemical characterization

SEM images of the outer and inner surfaces of CS and Ap-CS are shown in Figure
3. As shown in the lower-magnification image, CS consisted of filament- and sheet-like
collagen struts and possessed a microporous structure. The higher magnification image
of CS showed a smooth surface of the sheet-like collagen. In contrast, Ap-CS showed
nanostructured depositions on its outer and inner surfaces. These nanostructured
depositions should be low-crystalline apatite, according to the results of previous energy

dispersive X-ray spectroscopy and X-ray diffraction analysis®>.



The amounts of water absorbed by CS and Ap-CS were 60.0 + 4.0 and 98.3 + 5.9
mg, respectively. Thus, the amount of water absorbed by Ap-CS was 1.6-fold that
absorbed by CS (P<0.01, Figure 4A). The amount of Ca released from Ap-CS was 0.66
+ 0.15 mg, whereas that from CS was under the detection limit (P<0.01, Figure 4B). In
the protein adsorption test, the amounts of adsorbed anionic albumin and cationic
lysozyme were 14.7 + 3.3 and 32.4 + 4.5 pg for CS (respectively) and 17.9 £4.5 and 42.5
+ 6.2 pg for Ap-CS (respectively). Thus, the amount of lysozyme adsorbed to Ap-CS was
significantly larger than that adsorbed to CS (P<0.05, Figure 4C). In the enzymatic
degradation test, the weights before and after the collagenase treatment were 4.39 + 0.43
and 0.76 = 0.13 mg for CS (respectively) and 7.72 + 1.49 and 6.04 £ 1.21 mg for Ap-CS
(respectively). Thus, the degradation rate of CS (82.8 + 1.8%) was significantly greater

than that of Ap-CS (21.9 + 2.7%) (P<0.01, Figure 4D).

3.2. Cyto-compatibility assessments

Fluorescence images of the osteoblastic MC3T3-E1 cells cultured on CS and Ap-
CS after F-actin and LIVE/DEAD BacLight staining are shown in Figure 5A. F-actin
staining revealed that the cells adhered to the struts of both CS and Ap-CS (red staining).
LIVE/DEAD staining showed that most of the cells on CS and Ap-CS stained green,
indicating that these cells were alive.

The results of cyto-compatibility assessments are presented in Figure 5B. In the
WST-8 assay, there was no significant difference in WST-8 activities of the cells between
the CS and Ap-CS groups after culturing for 1 day. WST-8 activities of the cells cultured
on CS increased with increasing culture period up to 7 days. In contrast, WST-8 activities

of the cells cultured on Ap-CS remained constant for 7 days, and were significantly lower



than those of the cells cultured for 3-7 days on CS (P<0.05). In the LDH assay, the cells
cultured on CS and Ap-CS showed equivalent LDH activities on Days 1 and 7. On Days

3 and 5, the cells cultured on Ap-CS showed higher LDH activities compared to those of

cells cultured on CS (P<0.05).

3.3. Real-time RT-PCR assessments

Real-time RT-PCR demonstrated that the cells cultured on Ap-CS showed
approximately two-fold higher expression of the osseous markers Alp, Ibsp, and Bglapl
than did cells cultured on CS, although the difference in the Alp expression was not

statistically significant (Figure 5C).

3.4. In vivo assessments at 10 days after implantation in a rat skull

Histological images of the rat skull at 10 days after implantation of CS and Ap-CS
are shown in Figure 6. The images of HE-stained and MT-stained sections showed that
new bone (indicated by NB) was formed continuously on the pre-existing bone (indicated
by PB) after implantation of CS and Ap-CS, and residues of these scaffolds were found
close to the newly formed bone. In addition to these apparent residues of CS and Ap-CS,
fibrous structures similar to the filament-like collagen struts found in pristine CS (Figure
3) were observed inside the trabeculae of new bone, suggesting that these scaffolds were
incorporated (in part) into the newly formed bone. In both CS and Ap-CS groups,
osteoblast-like and osteoclast-like cells were abundantly observed in the peripheral region
of the new bone. This result was further supported by the data for the TRAP-stained
sections, which revealed that TRAP-positive osteoclasts also were abundant in the same

areas in both the CS and Ap-CS groups. However, TRAP-positive cells were observed



only rarely in the inner region of the residual scaffolds in both groups.

In addition to the optical microscopic observation, fluorescence microscopic
observation was carried out following CD68, CDI163, RUNX2, and OCN
immunostaining (in which the targets were stained red). Macrophages expressing CD68
were observed within and around the residue of Ap-CS more frequently than around the
CS residue. CD163-positive macrophages were rarely observed in CS sections, but were
observed in large numbers in the inner region of the Ap-CS residue. In the CS group, cells
expressing the osteogenic markers RUNX2 and OCN were abundantly observed around
the new bone, but were observed rarely inside the CS residue. In the Ap-CS group,
RUNX2- and OCN-positive cells were observed not only in the peripheral region of the

new bone but also in the inner region of the Ap-CS residue.

3.5. In vivo assessments at 35 days after implantation in a rat skull

Histological images of the rat skull at 35 days after implantation of CS and Ap-CS
are shown in Figure 7A. In the HE-stained tissue section of the CS group (upper row of
Figure 7A), large residues of CS remained on the cranial bone. Newly formed bone was
slight in amount and insufficient to repair fully the bone defect. The high-magnification
image revealed that the residue of CS contained few cells. In contrast, a remarkable
amount of new bone was observed in sections of the Ap-CS group (lower row of Figure
7A). New bone tissue was augmented from the pre-existing skull bone. High-
magnification images showed that the new bone contained osteoblastic cells and a bone
marrow structure. Little Ap-CS residue was detected, and the fibrous connective tissue
(indicated by FT) overlaying the new bone was rich in cells and blood vessel-like

structures.



Histometric measurements revealed that the new bone area and height in the Ap-
CS group were significantly greater (4.6-fold in bone area and 2.8-fold in bone height)
than those in the CS group (P<0.05, Figure 7B). The area of the residual Ap-CS was

significantly smaller than that of the residual CS (P<0.01).

3.6 In vivo assessments at 35 days after implantation in a dog periodontal defect

The micro-CT and histological images of the dog periodontal tissue at 35 days after
implantation of CS and Ap-CS are shown in Figure 8A and B. In the micro-CT images
(Figure 8A), the Ap-CS group showed larger radiopaque area (calcified area) at the
furcation of the premolar than did the CS group. This observation was supported by
histological evaluation (Figure 8B): the HE-stained tissue images showed that the
furcation defect was only partially filled with the regenerated alveolar bone in the CS
group, whereas most of the defect was filled with the regenerated bone in the Ap-CS
group. Both groups showed repair of the periodontal attachment, including the cementum
and periodontal ligament. Ankylosis between the alveolar bone and tooth root was not
apparent in either of the groups.

The results of quantitative evaluation of the micro-CT and HE-stained tissue
images are shown in Figure 8C. The percentages of the bone volume among the furcation
volume of the CS and Ap-CS groups (obtained from the micro-CT images) were 66.9 +
8.4 and 87.6 + 3.2%, respectively; this difference was statistically significant (P<0.05).
The percentages of the bone area among the furcation area of the CS and Ap-CS groups
(obtained from the HE-stained tissue images) were 54.4 + 10.6 and 81.7 = 4.0%,

respectively. There was a significant difference between Ap-CS and CS groups (P<0.05).



4. Discussion

Ap-CS with low-crystalline apatite coating was prepared using the plasma- and
precursor-assisted biomimetic process®”. As shown by SEM (Figure 3), the
nanostructured apatite coating covered both the outer and inner surfaces of the porous
collagen scaffold, resulting in the formation of a bone-like organic-inorganic composite
(Ap-CS), as reported previously®”. Apatite coating throughout the porous collagen
scaffold was achieved by the liquid-phase coating process (precursor-assisted biomimetic
process) in combination with a vacuum degassing system (Figure 2). In this process, the
apatite content of a scaffold can be increased further by changing the coating conditions,
e.g. by prolonging the coating time or increasing the degree of supersaturation of the CP
solution. However, the thickening of the apatite coating narrows residual interconnected
pores of the scaffold, which may inhibit cell infiltration and nutrient supply within the
scaffold. Thus, the coating conditions were determined so as to produce apatite coating
on the entire surface of the porous collagen scaffold while retaining its microporous
structure®”.

The apatite coating on Ap-CS was partially degradable in PBS, as verified by the
Ca-release test (Figure 4B). This degradation reflects the fact that non-sintered apatite
synthesized in liquid medium has poor crystallinity and higher solubility than those of
sintered HA. In the enzymatic degradation test, Ap-CS exhibited higher resistance to
collagenase degradation than did CS without coating (Figure 4C). This difference was
expected, given that the apatite coating on Ap-CS functions as a protective cover,
retarding degradation of the underlying collagen by blocking the enzymatic reaction with
collagenase.

Surface affinity of a scaffold with water and proteins influences biological



responses to the scaffold®*". Thus, water absorption and protein adhesion tests were
carried out as part of the present study. In the water absorption test, Ap-CS absorbed more
water than did CS (Figure 4A), suggesting that the apatite coating on Ap-CS increased
surface hydrophilicity of the scaffold. The narrowed pore size of the scaffold (owing to
the apatite coating) also may influence the increased water absorption of Ap-CS by
enhancing water penetration into the porous scaffold via capillary action. In the protein
adhesion test, adsorption of the anionic protein albumin was comparable for both CS and
Ap-CS (Figure 4C). On the other hand, the adsorbed amount of the cationic protein
lysozyme was greater with Ap-CS than with CS. We postulate that the apatite coating on
Ap-CS provides more protein-adsorption sites on the scaffold due to the protein-binding
capability of apatite*? and the large surface area of the nanostructured coating. These
physicochemical properties of Ap-CS are likely to be beneficial for the use of Ap-CS as
a tissue engineering scaffold, as verified by the in vitro and in vivo studies summarized
below.

Cell culture experiments revealed that proliferation of osteoblastic MC3T3-E1 cells
was suppressed on Ap-CS compared to that on CS, although cyto-compatibilities of CS
and Ap-CS were comparable in the initial stage of culture (on Day 1) (Figure 5A and 5B).
These results are consistent with the results of the previous report>>. We hypothesize that
the apatite coating on Ap-CS suppresses cell proliferation owing to this matrix’s
osteogenic properties and Ca-releasing ability, as indicated by the experimental evidence
in the present and previous reports, as detailed below. Some osteoconductive materials,
including sintered HA, are known to stimulate the osteogenic differentiation of cells
rather than to support cellular proliferation, which leads to bone formation***¥. The Ca-

release test in the present work showed that Ap-CS releases Ca, in contrast to CS (for



which no Ca release was seen) (Figure 4B). Maeno et al. reported that high concentrations
of Ca suppress cell proliferation in a dose-dependent manner*. Previous reports have
revealed that relatively high concentrations of Ca enhance the expression of genes
regulated by osteogenic promoters, enhancing subsequent osteogenic differentiation of
mesenchymal stem cells*®4”). The enhancement of osseous differentiation by the apatite
coating was evident in the present work from the significantly higher expression levels of
osteogenic markers /bsp and Bglapl in MC3T3-E1 cells cultured on Ap-CS (compared
to those in cells cultured on CS) (Figure 5C). Bone sialoprotein and OCN (which are
related to Ibsp and Bglap1, respectively) are non-collagenous proteins that are expressed
by cells undergoing osteogenic differentiation*® 4%,

We confirmed that Ap-CS augmented new bone formation in the rat skull compared
to CS (Figures 6 and 7). It is likely that the apatite coating on Ap-CS enhances penetration
of cells into the scaffold and encourages the osteogenic differentiation of these cells,
consequently promoting new bone formation in vivo. The enhanced cell-ingrowth into
Ap-CS was confirmed in the rat skull as well as in the rat subcutaneous tissue (as
previously reported)®”. Immunohistochemical staining at 10 days after implantation
revealed the presence of a larger number of CDI163-positive macrophages (M2
macrophages) in the residue of Ap-CS than in the CS residue (Figure 6). M2 macrophages
are associated with immunosuppression and are known to enhance tissue repair,
remodeling, and wound healing®®. In addition, M2 macrophages secrete an
osteoinductive factor; bone morphogenetic protein-2, along with vascular endothelial
growth factor and transforming growth factor-p°". Indeed, more RUNX-2- and OCN-
positive osteoblast progenitors were observed in the Ap-CS residue than in the CS residue

(Figure 6). Sugimoto et al. reported the migration of monocytes and osteoblastic MC3T3-



El cells toward higher Ca concentrations®?. Release of Ca from the apatite coating of
Ap-CS may play a key role in the behaviors of macrophages and osteogenesis-related
cells and consequently in bone tissue formation.

An in vivo study using a dog periodontal furcation defect model demonstrated the
potential of Ap-CS for promoting alveolar bone regeneration compared to CS (Figure 8).
Even though this work was a pilot study with a limited number of samples, ankylosis was
not observed, and a periodontal ligament space was observed consistently along the tooth
root in the Ap-CS group, suggesting the formation of the periodontal attachment
apparatus, including cementum, periodontal ligament, and alveolar bone proper in the
tested samples. Multiple investigators have reported periodontal regeneration using
sintered CaP ceramics as an osteogenic scaffold®®. However, periodontal regeneration
with sintered CaP ceramics often is insufficient in regeneration speed and/or quality of
the regenerated tissue, most likely due to the slow resorption rate of these ceramics®?.
Ogawa et al. succeeded in rapid periodontal tissue reconstruction by combining fine
particles of p-TCP with a collagen scaffold™. In the present study, we propose another
approach, i.e., using low-crystalline apatite coating over a porous scaffold of collagen.
Despite the higher resistance to collagenase degradation (Figure 4C), Ap-CS was
degraded and resorbed more rapidly than CS, while being replaced with the regenerated
bone tissue (Figure 7). The early resorption of Ap-CS likely reflects enhanced cellular
responses to the scaffold owing to the relatively soluble, Ca-releasing low-crystalline
apatite coating.

As described above, osteogenic properties and bioresorbability of Ap-CS are
suggested in this study. However, the present in vivo study using a beagle dog has

limitations of insufficient sample numbers and experimental conditions. Further studies,



such as shorter- and longer-term experiments, immunohistochemical analysis and safety
assessment, are required to verify the usefulness of Ap-CS as a scaffold for periodontal

regenerative therapy.

5. Conclusion

Owing to the surface apatite coating prepared by the plasma- and precursor-assisted
biomimetic process, Ap-CS exhibited increased water absorption, Ca release, lysozyme
adsorption, collagenase resistance, and osteogenic properties compared to CS. In rat
experiments, Ap-CS provided significantly enhanced skull bone formation and faster
resorption compared to CS. In addition, Ap-CS demonstrated the potential to regenerate
alveolar bone in a dog premolar furcation defect. Although further studies are needed,
Ap-CS is a potential candidate for an osteogenic and bioresorbable scaffold for

periodontal tissue reconstruction.
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Figure 1 Scaffolds and implantation procedures in dog

(A) Digital images of the scaffolds: CS (left) and Ap-CS (right). Scale bar represents 2
mm. (B) Digital images of decorticated region before (left) and after (right) being covered
with the scaffold. Scale bar represents 2 mm. (C) Digital images of surgically created
premolar furcation lesions before (left) and after (right) implantation of the scaffolds.

Scale bar represents 3 mm.
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Figure 2 Procedures for preparation of Ap-CS
Plasma- and precursor-assisted biomimetic process for low-crystalline apatite coating of

CS.
Abbreviations: Ap-CS, apatite-coated collagen scaffold; CP, supersaturated calcium

phosphate; CS, collagen scaffold.
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Figure 3 SEM observation of the scaffolds

SEM images of outer (upper two rows) and inner (lower two rows) surfaces of CS (left)
and Ap-CS (right). Scale bars represent 100 pm in lower magnification images and 5 pm
in higher magnification images.

Abbreviations: Ap-CS, apatite-coated collagen scaffold; CS, collagen scaffold; SEM,

scanning electron microscope.
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Figure 4 Physicochemical characterization of the scaffolds

In vitro characteristics of CS and Ap-CS: (A) amount of absorbed water, (B) amount of
released Ca, (C) amounts of adsorbed proteins (albumin and lysozyme), and (D)
enzymatic degradation rate (n=6, mean + standard deviation). *: P<0.05, **: P<0.01.
Statistical analysis: two-tailed non-paired Student’s t-test.

Abbreviations: Ap-CS, apatite-coated collagen scaffold; CS, collagen scaffold; ND, not

detected, NS; Not significant.
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Figure 5 Cell culture experiments

(A) Fluorescence microscopic images of MC3T3-E1 cells cultured on CS (left) and Ap-
CS (right) for 24 hours. Scale bar represents 100 um. F-actin staining (stained red).
LIVE/DEAD BacLight staining (live and dead cells were stained green and red,
respectively). (B) WST-8 (left) and LDH (right) activity of MC3T3-E1 cells cultured on
CS and Ap-CS for 1, 3, 5, and 7 days (n=5, mean + standard deviation). *: P<0.05.
Statistical analysis: two-tailed one-way ANOVA with post hoc Tukey HSD test. (C) RT-
PCR results; relative (to Gapdh) expression levels of Alp (left), Ibsp (center), and Bglapl
(right) in MC3T3-E1 cells cultured on CS and Ap-CS for 14 days (n=3, mean + standard
deviation). *: P<0.05. Statistical analysis: two-tailed non-paired Student’s t-test.
Abbreviations: Ap-CS, apatite-coated collagen scaffold; CS, collagen scaffold; LDH,
lactate dehydrogenase; RT-PCR, reverse transcription polymerase chain reaction; WST-

8, water-soluble tetrazolium salts-8.
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Figure 6 Imnmunohistochemical observation of a rat skull 10 days after implantation
of the scaffolds

Optical (upper two rows) and fluorescence (lower two rows) microscopic images of the
CS (left) and Ap-CS (right) groups. Staining was performed using HE, MT, and TRAP;
immunostaining in red was performed with antibodies against CD68, CD163, RUNX2,
and OCN, and that in green was performed against nuclei. The framed area of the HE-
stained tissue image was about the same region of other images. Scale bar represents 1
mm in HE images and 100 pm in others.

Abbreviations: Ap-CS, apatite-coated collagen scaffold; CS, collagen scaffold; FT,
fibrous connective tissue; HE, hematoxylin—eosin; MT, Masson's trichrome; NB, newly
formed bone; OCN, osteocalcin; PB, pre-existing bone; RUNX2, runt-related

transcription factor 2; TRAP, tartrate-resistant acid phosphatase.
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Figure 7 Histological observation of a rat skull 35 days after implantation of the
scaffolds

(A) Histological images of the CS (left) and Ap-CS (right) groups. High-magnification
images are magnified images of the framed areas in low-magnification images. Scale bars
represent 2 mm in low-magnification images and 100 pm in high-magnification images.
Hematoxylin-eosin staining. (B) Histometric results: area (left) and height (center) of the
newly formed bone, and area of the residual scaffold (right) (n=5, mean + standard
deviation). *: P<0.05, **: P<0.01. Statistical analysis: two-tailed non-paired Student’s t-
test.

Abbreviations: Ap-CS, apatite-coated collagen scaffold; CS, collagen scaffold; FT,
fibrous connective tissue; NB, newly formed bone; PB, pre-existing bone.
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Figure 8 Micro-CT and histological observation of dog premolar furcation 35 days
after implantation of the scaffolds

(A) Sagittal (a), transverse (b) and horizontal (c) planes of micro-CT images of the CS
(left) and Ap-CS (right) groups. Scale bar represents 2 mm. (B) Histological images of
the CS (left) and Ap-CS (right) groups. Scale bar represents | mm. Hematoxylin-eosin
staining. (C) The percentages of bone volume (left) and the percentages of bone area
(right) of the CS and Ap-CS groups (n=3, mean + standard deviation). *: P<0.05.
Statistical analysis: two-tailed non-paired Student’s t-test.

Abbreviations: Ap-CS, apatite-coated collagen scaffold; CS, collagen scaffold; CT,
computed tomography; NB, newly formed bone; R, tooth root.



