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Abstract  

Three-dimensional collagen scaffold (CS) coated with low-crystalline apatite via a 

precursor-assisted biomimetic process reportedly enhanced cellular responses and blood 

vessels formation. In this study, Osteogenic properties of apatite-coated collagen scaffold 

(Ap-CS) were examined by in vitro cell culture tests and rat bone forming tests. 

After oxygen plasma treatment, CS was alternately dipped in CaCl2 and 

K2HPO4·3H2O solutions to be pre-coated with CaP. Subsequently, the CS was immersed 

in a supersaturated CaP solution to be coated with apatite. The resulting Ap-CS was 

characterized by observation using a scanning electron microscope (SEM), and 

assessments of water absorption, Ca ion release, protein adsorption and enzyme resistance. 

Cytotoxic tests and real-time RT-PCR were carried out using MC3T3-E1 osteoblastic 
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cells. In addition, bone forming ability of Ap-CS was histologically evaluated after 

implantation onto the rat skull. 

SEM observation revealed that the surface of Ap-CS was covered with 

nanostructured deposition. It is considered that a layer of low-crystalline apatite was 

formed on CS through the precursor-assisted biomimetic process as reported previously. 

Ap-CS significantly increased water adsorption, Ca ion release, cationic protein 

adsorption and resistance to collagenase enzymatic effect, compared with CS. In cell 

culture studies, Ap-CS decreased the cell proliferation, however, the expression of bone 

formation markers, such as bone sialoprotein and osteocalcin, was promoted compared 

with CS. Ap-CS significantly promoted new bone augmentation of rat skull. Furthermore, 

residual scaffold was slight when compared to CS. In conclusion, Ap-CS exhibited bone 

forming activity to be beneficial for bone tissue engineering therapy. 

 

1. Introduction 

Periodontal disease frequently causes the destruction of the alveolar bone, related 

to tooth supporting system, through the inflammatory responses. The purpose of bone 

tissue engineering is to regenerate lost bone tissue using three elements1), cells2-4), growth 

factors5-8), and scaffolds9-11). Scaffolds create a space for tissue regeneration and play an 

important role in retention of growth and nutrition factors, cell proliferation and 

differentiation, vascular network construction and extracellular matrix secretion12). In 

general, sintered calcium phosphates (CaPs), such as hydroxyapatite (HA) and β-

tricalcium phosphate (β-TCP), have been used for osteoconductive scaffolds, due to their 

compositional similarity to the human bone minerals13-14). Bioceramics have the 

biocompatibility and the osteoconductivity15-16), however, have the disadvantage 
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regarding low biodegradability. HA is rarely degraded after implantation and remained in 

the body as the residue for a long term17-19). In addition, β-TCP reportedly remained in 

the body for over a half year, although β-TCP is known to be biodegradable20-21). Because 

bone defect created by periodontal disease is located close to oral cavity, scaffold should 

rapidly biodegrade while supporting bone regeneration, to reduce infection risk. 

Natural bone shows a hierarchical structure including apatite crystals deposited on 

a nano-network of collagen matrix22). Therefore, it is expected that a similar 

nanocomposite, i.e., apatite-coated collagen network, would be beneficial as a scaffold 

for bone regeneration23). It is known that low-crystalline apatite can be coated on a 

substrate using an acellular supersaturated CaP solution as a coating medium, like in vivo 

bone apatite formation. The thus-formed low-crystalline apatite exhibits good 

biocompatibility and osteoconductivity, as well as the higher biodegradability compared 

to sintered HA ceramics24). The low-crystalline apatite coating process using 

supersaturated CaP solutions (biomimetic process) is a mild liquid phase method that can 

be carried out under normal temperature and pressure, and applicable to low-melting-

point materials including organic polymer collagen. These are noteworthy advantages of 

the biomimetic process over conventional CaP coating processes such as plasma 

spraying25-26), pulse laser deposition27-28) and sputtering methods29-30). Oyane et al. 

previously developed a precursor-assisted biomimetic process as a relatively simple 

biomimetic process31). In the process, a substrate is pre-coated with amorphous CaP as 

the apatite precursor through the alternate dipping treatment in Ca and P solutions, and 

then immersed in a supersaturated CaP solution for low-crystalline apatite coating. They 

succeeded in apatite coating on various materials, including porous blocks32), fibers33) and 

sponges34) by the precursor-assisted biomimetic process.  
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Recently, Joseph et al. fabricated three-dimensional collagen scaffold (CS) coated 

with low-crystalline apatite by the precursor-assisted biomimetic process35). The apatite-

coated collagen scaffold (Ap-CS) promoted cell and blood vessel in-growth into the 

scaffold compared to the uncoated CS in rat subcutaneous tissue35). However, no report 

has shown the bone forming ability of the Ap-CS made by the precursor-assisted 

biomimetic process. The purpose of this study was to perform in-depth characterization 

of the Ap-CS. In vitro cell culture tests were carried out to elucidate the osteogenic 

properties of the Ap-CS. In addition, bone forming ability of the Ap-CS was histologically 

examined after implantation onto the rat skull.  

 

2. Material and Methods 

2.1. Fabrication of the Ap-CS  

An Ap-CS was fabricated as described previously35). A calf atelocollagen-based CS 

(Terudermis®, Olympus Terumo Biomaterials Corp., Tokyo, Japan) was cut into cuboidal 

pieces (6 mm × 6 mm × 3 mm, Figure 1, left) and treated with oxygen plasma to increase 

hydrophilicity of the surface. The plasma treatment was carried out using an O2 gas 

(99.9995%, Takachiho Chemical Industrial Co., Ltd., Tokyo, Japan) at a plasma power 

density of 0.1 W/cm2 and a pressure of 30 Pa under an electric field operating at 13.56 

MHz for 30 s using a compact ion etcher (FA-1, Samco Inc., Kyoto, Japan). After plasma 

treatment, scaffolds (3 pieces) were immersed in 30 mL of a 200 mM CaCl2 solution, 

washed with 30 mL of ultrapure water, and immersed in 30 mL of a 200 mM 

K2HPO4·3H2O solution to be pre-coated with CaP (seeds for apatite growth). We 

employed a vacuum degassing system to fill and replace solutions throughout the 

interconnected porous structure of the CS as detailed in our previous report35). 
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The CS removed from the 200 mM K2HPO4·3H2O solution was rinsed with a 

supersaturated CaP solution (CP solution), and subsequently immersed in 30 mL of a CP 

solution for 48 h at 25°C to grow CaP seeds into an apatite coating layer. The CP solution 

was prepared by dissolving reagent-grade NaCl (final concentration = 142 mM), 

K2HPO4·3H2O (1.50 mM), HCl (40 mM), and CaCl2 (3.75 mM) 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 HCl. All the 

reagents used for the solution preparation were purchased from Nacalai Tesque, Inc., 

Kyoto, Japan. After 48 h of immersion in the CP solution, the scaffold was washed with 

ultrapure water and freeze-dried using a freeze drier (model DC41, Yamato Scientific Co., 

Ltd., Japan and FDS-1000, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) to finally obtain 

Ap-CS (Figure 1, right). 

 

2.2. SEM observation 

The surface structures of Ap-CS and CS were characterized using scanning electron 

microscopy (SEM, S-4000; Hitachi, Tokyo, Japan) with an accelerating voltage of 10 kV 

after coating with a thin layer of Pt-Pd. 

 

2.3. Water absorption capacity 

Water absorption capacity of scaffold was assessed as described previously36). CS 

and Ap-CS were weighed and immersed in sterile distilled water (Otsuka Pharmaceutical 

Co. Ltd., Tokyo, Japan) for 30 m at room temperature. After wiping excess water from 

the scaffold using whatman filter paper (GE Healthcare Japan Co., Ltd., Japan), scaffold 

was weighed for absorbed water. 
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2.4. Calcium ion releasing test 

Calcium ion release from the CS and Ap-CS was assessed using a calcium test kit 

(calciumE-test; FUJIFILM Wako Pure Chemical Corp., Osaka, Japan). CS and Ap-CS 

were immersed in phosphate-buffered saline (PBS, FUJIFILM Wako Pure Chemical 

Corp.) at 37°C for 7 days. The calcium content in the supernatant was measured by 

spectrophotometer (U-1100; Hitachi, Ltd., Tokyo, Japan) at 610 nm. 

 

2.5. Protein adsorption test 

To detect the ability of anionic and cationic protein adsorption of the scaffold, 100 

μL of distilled water supplemented with 50 μg bovine serum albumin (FUJIFILM Wako 

Pure Chemical Corp.) or 50 μg lysozyme hydrochloride (from egg white; FUJIFILM 

Wako Pure Chemical Corp.) was prepared and CS and Ap-CS were immersed under a 

vacuum condition. Subsequently, CS and Ap-CS were immersed into 1.0 mL of deionized 

distilled water for 10 m. After stirring well, the protein content of the supernatant was 

measured with spectrophotometer at 610 nm using a total protein kit (Micro Lowry, 

Peterson’s Modification; Sigma-Aldrich Co., St Louis, MO, USA). Then, the amount of 

albumin and lysozyme adsorbed onto the scaffold were calculated. 

 

2.6. Enzyme degradation test  

To detect the collagenase resistance of the scaffold, CS and Ap-CS were weighed 

and then immersed into 1 mL of PBS containing 1% collagenase type I (0.1 mg / mL; 

FUJIFILM Wako Pure Chemical Corp.) for 3 h at 37°C. After that, scaffold was 

dehydrated into absolute ethanol, air-dried and weighed as the residual amount of scaffold. 
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2.7. Cyto-compatibility assessments 

Mouse osteoblastic MC3T3-E1 cells (5×104; RIKEN BioResource Center, Tsukuba, 

Japan) were seeded on CS and Ap-CS and cultured in humidified 5% CO2 at 37°C in 48-

well plates, using a minimum essential medium (MEM) (alpha-GlutaMAX™-I; Thermo 

Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum 

(FBS) (Qualified; Thermo Fisher Scientific Inc.) and 1% antibiotics 

(penicillin/streptomycin; Thermo Fisher Scientific Inc.). The cyto-compatibility of 

scaffold was assessed at 1, 3, 5 and 7 days of culture using assay kits of water-soluble 

tetrazolium salt (WST)-8 (Cell Counting Kit-8, Dojindo Laboratories, Mashiki, Japan) 

and a lactate dehydrogenase (LDH, Cytotoxicity LDH Assay Kit-WST, Dojindo 

Laboratories) using a microplate reader (ETY-300, Toyo Sokki Co., Ltd., Japan) at 450 

nm and 490 nm, respectively. 

For the cell adhesion assay, 24 h cultured CS and Ap-CS inoculated with MC3T3-

E1 cells (7×103) was washed with PBS and fixed with 3.5% formaldehyde. A staining 

solution was prepared by dissolving phalloidin (1.5 μg, Actistain 555 Fluorescent 

Phalloidin, Cytoskeleton Inc., Denver, CO, USA) and 4’ ,6-diamidino-2-phenylindole (2 

μg, Dojindo Laboratories) in 500 μL of a bovine serum albumin (BSA, 7.5% w/v Albumin 

Dulbecco’s-PBS (−) Solution from bovine serum, FUJIFILM Wako Pure Chemical 

Corp.). After immersing in this solution at 4°C overnight to stain the cultured cells, the 

scaffolds were washed with PBS and observed with a fluorescence microscope (Biorevo 

BZ-9000, Keyence Corp., Osaka, Japan). In addition, MC3T3-E1 cells (2×103) on CS and 

Ap-CS after 24 h incubation were stained with the LIVE/DEAD Viability/Cytotoxicity 

Kit for mammalian cells (Thermo Fisher Scientific), following the manufacturer’s 
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instructions. Live cells were stained with calcein acetoxymethyl to create green 

fluorescence, and cells with compromised membranes were stained with ethidium 

homodimer-1 to create red fluorescence. Stained samples were examined using a 

fluorescence microscope. 

 

2.8. Real-time reverse transcription-polymerase chain reaction (RT-PCR) assays  

MC3T3-E1 cells (1×106) were seeded on CS and Ap-CS and cultured in humidified 

5% CO2 at 37°C in 48-well plates, using MEM supplemented with 10% FBS and 1% 

antibiotics. The cultures were incubated at 37°C with 5% CO2. MEM exchange performed 

every 2 days. After 14 days, total RNA was extracted using Trizol (Invitrogen, Carlsbad, 

CA, USA) according to the manufacturer's instructions. Reverse transcription was 

conducted with 1 μg of RNA to obtain cDNA. The cDNA was amplified by Rever Tra 

Ace-α FSK-101 (Toyobo, Osaka, Japan). Primers (Applied Biosystems, Carlsbad, CA, 

USA) for the following genes were used: Ibsp (Mm00492555_m1), Bglap1 

(Mm03413826_m1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 

Mm99999915_g1). Real-time RT-PCR was performed using the ABI Prism 7300 

sequence detection system (Applied Biosystems). Data obtained for each sample were 

standardized against the expression of GAPDH and were calculated using the 2-ΔΔCt 

method37-38). 

 

2.9. Animal procedure 

In vivo experiments using rats were performed in accordance with the institutional 

animal use and care regulations of Hokkaido University (approval number 16-29) and 

approved by the Animal Research Committee of Hokkaido University. Sixteen 10-week-
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old male Wistar rats weighing 190–210 g were used in this study. Surgical operations 

were performed under general anesthesia by intraperitoneal injection of medetomidine 

hydrochloride (0.15 mg/mL, Domitor; Nippon Zenyaku Kogyo Co., Ltd., Koriyama, 

Japan), Midazolam (2 mg/mL, Dormicum; Astellas Pharma Inc., Tokyo, Ja-pan), 

butorphanol tartrate (2.5 mg/mL, Vetorphale; Meiji Seika Pharma Co., Ltd., Tokyo, 

Japan) and local injection of 2% lidocaine hydrochloride with 1:80,000 epinephrine 

(Xylocaine Cartridge for Dental Use; Dentsply Sirona K.K., Tokyo, Japan).  

After the rat skull was exposed, 4 mm2 decortication was created by Maillefer steel 

round bur (Dentsply Sirona K.K., Tokyo, Japan) under irrigation with saline (Otsuka 

Pharmaceutical Factory, Inc., Tokushima, Japan). Subsequently, CS or Ap-CS was placed 

onto the decortication area and skin was sutured (BioFit-D 4-0; Washiesu medical Co., 

Ltd., Tokyo, Japan), and an ointment containing tetracycline hydrochloride (achromycin 

ointment; POLA Pharma Inc., Tokyo, Japan) was applied to the wound.  

 

2.10. Histological procedure 

At 10 days after surgery, 4 rats were perfused via the aorta with 4% formaldehyde 

under general anesthesia. The rat skull including implanted scaffold were pre-fixed by 

4% formaldehyde for 24 h, dipped in 30% sucrose solution and embedded in optimal 

cutting temperature compound (Sakura Finetek Inc., Tokyo, Japan). After frozen in liquid 

nitrogen, approximately 16 μm thick sections were prepared and placed on poly-l-lysine-

coated glass slides. After pretreatment with 0.3% Triton X-100 and normal donkey serum, 

the sections were incubated overnight with the following primary antibodies: mouse anti-

CD68 (1:100 in dilution; Bio-Rad Laboratories Inc., Hercules, CA, USA), mouse anti-

CD163 (1:100 in dilution; Bio-Rad Laboratories Inc.), rabbit anti-Sp7/Osterix antibody – 
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ChIP Grade (1:400 in dilution; Abcam plc, Cambridge, UK). The antigen–antibody 

reaction sites were detected by incubation with Cy3-labeled anti-mouse IgG (Jackson 

ImmunoResearch Inc., West Grove, PA, USA). Nuclear was stained by TOTO3 (Thermo 

Fisher Scientific Inc.). The sections were observed under a fluorescence microscope. The 

sections incubated with normal mouse serum instead of respective primary antibody were 

used as negative controls. 

After 35 days of surgery, 10 rats were euthanized by overdose of pentobarbital 

sodium (2 mL / kg). Samples of rat skull were fixed in 10% buffered formalin, decalcified 

with 10% ethylenediaminetetraacetic acid, and embedded in paraffin. After thin 

sectioning (thickness 6μm), the sections were stained with hematoxylin and eosin (HE) 

and observed with light microscope. Histomorphometric measurements of the new bone 

height, new bone area, and residual scaffold area was performed using software (Image J 

1.41; National Institutes of Health, Bethesda, MD, USA). In addition, 2 rats implanted 

with Ap-CS was selected for immunostaining, using primary antibody; anti-Sp7/Osterix, 

rabbit anti-Osteopontin (OPN; 1:800 in dilution; Abcam plc, Cambridge, UK), mouse 

anti-α-smooth muscle actin (ASMA; 1:1,600 in dilution, clone 1A4; Sigma-Aldrich Co., 

St Louis, MO, USA) and mouse anti-rat endothelial cell antigen-1 (RECA-1; 1:1,000 in 

dilution; AbD Serotec, Kidlington, UK), in the same procedure as mentioned above. 

 

2.11. Statistical Analysis  

Each parameter was calculated for means and standard deviation. Differences 

between groups were analyzed using Student‘s t-test. Results for which P < 0.05 were 

regarded as statistically significant. All statistical procedures were done using SPSS 11.0 

(IBM Corporation, Armonk, NY, USA). 
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3. Results 

3.1. Characterization of scaffolds 

The SEM images of the surfaces of CS and Ap-CS are shown in Figure 2. As shown 

in CS in lower-magnification, CS was constructed with filament- and sheet-like collagen 

struts and possessed a porous structure. Higher magnification image of sheet-like collagen 

in CS showed a smooth surface. In contrast, Ap-CS showed nanostructured deposition on 

its porous surface. This nanostructured deposition should be low-crystalline apatite 

consisting of Ca and P, according to the previous results of energy dispersive X-ray 

spectroscopy and X-ray diffraction analysis.35) 

     The water absorption of CS and Ap-CS was 60.0 ± 4.0 and 98.3 ± 5.9 mg, 

respectively. Amount of water in Ap-CS indicated significantly 1.6-fold increase 

compared with CS (P<0.01, Figure 3A). Calcium ion release from Ap-CS was 0.66 ± 0.15 

mg, however, it was not detected from CS (P<0.01, Figure 3B). In protein adsorption test, 

amounts of adsorbed anionic albumin and cationic lysozyme were 14.7 ± 3.3 and 32.4 ± 

4.5 μg in CS and 17.9 ± 4.5 and 42.5 ± 6.2 μg in Ap-CS, respectively. Adsorption of 

lysozyme to Ap-CS was significantly higher than that of CS (P<0.05, Figure 3C). In 

enzymatic degradation tests, the weigh before and after collagenase treatment was 4.39 ± 

0.43 and 0.76 ± 0.13 mg in CS, and 7.72 ± 1.49 and 6.04 ± 1.21 mg in Ap-CS, respectively. 

The rate of weight decreasing of CS and Ap-CS was 82.8 ± 1.8 and 21.9 ± 2.7 %, 

respectively. Decrease of Ap-CS was significantly less than that of CS (P<0.01, Figure 

3D). 

 

3.2. Cyto-compatibility assessments of scaffolds 
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The fluorescence images of f-actin and live/dead staining were shown in Figure 4A. 

F-actin staining revealed that cell elongation related to expression of actin fiber were 

observed on both CS and Ap-CS (stained in red). In the assessment of LIVE/DEAD 

BacLight staining, osteoblastic MC3T3-E1 cells on CS and Ap-CS were mostly stained 

in green, indicating live cells. 

     The results of WST-8 and LDH assays are presented in Figure 4B and C. In WST-

8 assay, there was no significant difference of WST-8 activity between CS and Ap-CS at 

1 day. However, although WST-8 activity of CS increased until 7 days, WST-8 activity 

of Ap-CS at 3, 5, 7 days was low values and equivalent to activity of 1 day, and 

significantly lower compared with CS (P<0.05). In LDH activity assay, CS and Ap-CS 

showed equivalent activity at 1 and 7 days. Ap-CS at 3 and 5 days had a high LDH activity, 

showing a significant difference compared to the CS (P<0.05). 

 

3.3. Real-time RT-PCR assessments 

Measurements of amplified cDNA by real-time RT-PCR demonstrated that Ap-CS 

increased the expression of osseous markers; bone sialoprotein (BSP) and osteocalcin 

(OCN), of MC3T3-E1 cells. Significant difference was found between CS and Ap-CS 

(P<0.05, Figure 5). 

 

3.4. In vivo assessments at 10 days after implantation 

In the examination of the implantation of CS and Ap-CS onto rat skull, CD68, 

CD163 and SP7 immunostaining (stained in red) was carried out (Figure 6). Macrophage 

expressing CD68 was frequently showed into and around both CS and Ap-CS (white 

arrowheads). CD163 positive macrophage rarely observed in the image of CS, however, 
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Ap-CS positively showed CD163 positive cells at the inner region of implanted sample 

(red arrowheads). Osteoblastic cells expressing Sp7 were found at the surface region of 

skull bone covered with implanted CS. However, Ap-CS applied sample revealed that 

Sp7 positive cells frequently found at the inner region of Ap-CS, as well as the surface 

region of skull bone (yellow arrowheads). 

 

3.5. In vivo assessments at 35 days after implantation  

HE stained images at 35days after implantation of CS (Figure 7A-C) frequently 

showed the residue of CS on the cranial bone. Residue was composed of few cells and 

collagen substance (Figure 7B). Newly formed bone continuous with pre-existing bone 

was slightly found to repair the bone defect (Figure 7C). In contrast, new bone was 

remarkably formed after implantation of Ap-CS (Figure 7D-F). Bone tissue was 

augmented from pre-existing skull bone and included bone marrow structure (white 

arrowheads). Osteoblastic cells were positioned along with surface of new bone (black 

arrows) (Figure 7E and F) and were immunohistochemically stained with SP7 and OPN 

(white arrowheads in figure 8). The connective tissue covering new bone was cell-rich 

(Figure 7E) and frequently included many blood vessel-like structures immunoexpressed 

with ASMA and RECA-1(yellow arrowheads in figure 8). 

Histometric measurements (Figure 9) revealed that new bone area and height of CS 

and Ap-CS were 0.16 ± 0.01 mm2, 0.12 ± 0.04 mm, and 0.74 ± 0.50 mm2, 0.34 ± 0.10 

mm, respectively. Parameters of bone formation of Ap-CS were significantly greater than 

CS (P<0.05). The residual scaffold area of CS and Ap-CS was 0.34 ± 0.16 and 0.09 ± 

0.05 mm2, respectively. The residual scaffold area was significantly decreased in Ap-CS 

compared with CS (P<0.01). 
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4. Discussion 

Cell culture examination revealed that cell behaviors, such as elongation and 

spreading of osteoblastic MC3T3-E1 cells, were similar in both CS and Ap-CS. In 

addition, attached cells on Ap-CS mostly stained in green (alive) in live/dead staining. 

Accordingly, Ap-CS likely exhibited good cell affinity as the scaffold. However, WST-8 

activity of cultured Ap-CS was consistently low compared with CS, excepting for assay 

at 1 day. It was considered that MC3T3-E1 cells inoculated on Ap-CS did not proliferate 

on its surface of the scaffold through experimental periods, in contrast to CS. From the 

evidence, we speculated that Ap-CS exhibited the differentiation-inducing activity. 

Bioactive material including HA consistently and strongly stimulated the osteogenic 

differentiation of cells instead of proliferation, to lead toward bone formation39-40). In 

addition, ion releasing assessment in present study showed the evidence of Ca ion release 

from Ap-CS, in contrast to CS (no release of Ca ion). Maeno et al. reported that 

application of high concentration of Ca to cells dose-dependently suppressed cell 

proliferation41). Lee et al. also revealed that relatively high concentration of Ca could 

enhance osteogenic differentiation of mesenchymal stem cells42). The enhancement of 

osseous differentiation in the present study is evident from the significant increased 

expression of osteogenic markers BSP and OCN in MC3T3-E1 cells cultured on Ap-CS. 

BSP and OCN are the non-collagenous proteins which stimulate the osteogenic 

differentiation43-44). In addition, we confirmed in this study that Ap-CS remarkably 

augmented new bone formation after implantation in the rat skull. Therefore, it is likely 

that Ap-CS stimulates osteogenic differentiation via Ca ions released from the created 

low-crystalline apatite and consequently promotes the bone formation in vivo.  
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Immunohistochemical staining of Ap-CS reveals cell-ingrowth into the scaffold 

after 10-days of implantation. CD163-positive macrophages (M2 macrophages) were 

frequently found in the Ap-CS when compared with CS, in contrast to CD68-positive 

pan-macrophages recognized in both CS and Ap-CS. M2 macrophages are associated 

with immunosuppression and enhance tissue repair, remodeling, and subsequent wound 

healing45). In addition, osteoinductive cytokines, BMP-2, VEGF and TGF-β are secreted 

by M2 macrophages46). Immuno-interaction between biomaterial and macrophages via 

ion-release was described previously47). Sugimoto et al. reported that Ca stimulated the 

chemotaxis reaction of monocyte associated with proliferation and differentiation of 

osteoblasts48). Actually, well-ingrowth of Sp7-positive osteoblast progenitors into Ap-CS 

was observed in this study. Releasing of Ca ion from low-crystalline apatite of Ap-CS 

may play a key role in macrophage behaviors and promoting bone tissue formation.  

From the evidences of SEM images, EDX and XRD analysis35), nano-structural 

low-crystalline apatite was formed to cover the surface of CS. From the result of enzyme 

degradation test, Ap-CS exhibited the collagenase resistance. Hence, most part of 

collagen strut of scaffold was likely covered with low-crystalline apatite through 

biomimetic process. It was reported that the material surface properties including 

electrical charge and hydrophilicity, affect the ability of cell adhesion and its bioactivity49-

51). In the water absorption test, Ap-CS significantly absorbed more water compared with  

untreated CS, suggesting that the surface of Ap-CS acquired hydrophilic surface. 

Reportedly, hydrophilic surfaces of substrates promoted the cell attachment with 

expression of adhesion protein, vinculin49). Some reports explained the biomaterial for 

drug delivery systems exhibited the bioadhesive capability via electrostatic potential52). 

In the present study, to examine the electrostatic potential capability of Ap-CS, protein 
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adhesion test was carried out using anionic and cationic proteins. Since albumin charge 

negatively and lysozyme charge positively, surface charge of the target is speculated by 

the adsorption behavior of the target to these proteins15). In this work, value of albumin 

adsorption was equivalent between CS and Ap-CS, however, Ap-CS significantly 

adsorbed lysozyme compared with CS. Accordingly, it was considered that Ap-CS could 

store proteins, due to surface negative surface charge by precursor-assisted biomimetic 

process. These properties may promote the regenerative activity of scaffold.  

In vivo study revealed that Ap-CS significantly augmented the skull bone with cell 

rich connective tissue. ASMA-positive vascular smooth muscle cells, and RECA-1-

positive endothelial cells associated with blood vessel were frequently found in the 

connective tissue around the newly formed bone. It is likely that angiogenesis was 

frequently evoked in the regenerative space. We speculated that Ap-CS stimulated 

angiogenesis to provide oxygen and nutrition for bone formation and scaffold 

replacement. Scaffold for periodontal regeneration should possess the property of rapid 

replacement into the tissue. After implantation of Ap-CS, residue of scaffold was less 

compared to implantation of CS, suggesting that Ap-CS was degraded to simultaneously 

create the bone tissue. The early replacement of Ap-CS into tissue may be acquired from 

low-crystalline apatite, degradable collagen and cell-ingrowth effect and hence, Ap-CS 

is beneficial for the periodontal regenerative therapy to avoid the postoperative infection. 

 

5. Conclusion 

This study evaluated the cyto-compatible and osteogenic properties of Ap-CS 

fabricated by the precursor-assisted biomimetic process. Ap-CS exhibited the ability of 

Ca ion release, cyto-compatibility and promoting the osteogenic differentiation of 
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osteoblastic cells. In rat experiments, Ap-CS showed significant bone formation and well-

degradation when compared with CS. Therefore, Ap-CS exhibited bone forming activity 

and will be beneficial for bone tissue engineering therapy. 
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Figure legends 

Figure 1 Digital photograph of scaffold 

Scale bar represents 2 mm. Abbreviations: Ap-CS, apatite-coated collagen 

scaffold; CS, collagen scaffold. 

 

Figure 2 SEM images of scaffold 

Scale bar represents 100 μm in lower magnification and 5 μm in higher 

magnification. Abbreviations: Ap-CS, apatite coated collagen scaffold; CS, collagen 

scaffold; SEM, scanning electron microscope. 

 

Figure 3 Characterization of scaffold (n=6, mean± standard deviation) 

(A) Evaluation of water absorption, (B) calcium ion release, (C) adsorption of 

protein, and (D) enzymatic degradation for each scaffold. *: P<0.05, **: P<0.01. 

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

detected, NS; Not significant. 

 

Figure 4 Assessments of cytocompatibility of scaffold 

(A) F-actin and LIVE/DEAD BacLight staining of MC3T3-E1 cells after 24 h of 

incubation. Scale bar represents 100 μm. (B) WST-8 activity of MC3T3-E1 cells (n=5, 

mean ± standard deviation). *: P<0.05. (C) LDH activity of MC3T3-E1 cells (n=5, mean 

± standard deviation). *: P<0.05. Abbreviations: Ap-CS, apatite-coated collagen scaffold; 

CS, collagen scaffold; LDH, lactate dehydrogenase; WST-8, water-soluble tetrazolium 

salts-8. 
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Figure 5 RT-PCR assessments (n=3, mean ± standard deviation) 

Measurements of amplified cDNA of BSP and OCN. *: P<0.05. Abbreviations: 

Ap-CS, apatite coated collagen scaffold; BSP, bone sialoprotein; CS, collagen scaffold; 

OCN, osteocalcin; RT-PCR, reverse transcription polymerase chain reaction. 

 

Figure 6 Immunohistochemical observation of scaffold at 10 days after implantation 

The targets and nuclei are stained in red and green, respectively. Scale bar 

represents 100 μm. Abbreviations: Ap-CS, apatite-coated collagen scaffold; CS, collagen 

scaffold; CT, connective tissue; PB, pre-existing bone; RS, residual scaffold 

 

Figure 7 Histological findings at 35 days after implantation of scaffold 

(B), (C) and (E), (F) present higher magnification of the framed areas in (A) and 

(D), respectively. Scale bar represents 2 mm (A, D) and 100 μm (B, C, E, F). Staining: 

hematoxylin-eosin. Abbreviations: Ap-CS, apatite-coated collagen scaffold; CS, collagen 

scaffold; CT, connective tissue; NB, new bone; PB, pre-existing bone; RS, residual 

scaffold. 

 

Figure 8 Immunohistochemical observation of Ap-CS at 35 days after implantation 

The targets and nuclei are stained in red and green, respectively. Scale bar 

represents 100 μm. Abbreviations: Ap-CS, apatite-coated collagen scaffold; ASMA, α-

smooth muscle actin; CT, connective tissue; NB, new bone; OPN, osteopontin; RECA-1, 

rat endothelial cell antigen-1. 

 

Figure 9 Histomorphometric measurements (n=5, mean ± standard deviation) 
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(A) bone area, (B) bone height and (C) residual scaffold area. *: P<0.05, **: P<0.01. 

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


