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Introduction: The 3-dimensional scaffold plays a key role in volume and quality of repair 

tissue in periodontal tissue engineering therapy. We fabricated a novel 3D collagen scaffold 

containing carbon-based 2-dimensional layered material, named graphene oxide (GO). The 

aim of this study was to characterize and assess GO scaffold for periodontal tissue healing of 

class II furcation defects in dog.

Materials and methods: GO scaffolds were prepared by coating the surface of a 3D collagen 

sponge scaffold with GO dispersion. Scaffolds were characterized using cytotoxicity and tissue 

reactivity tests. In addition, GO scaffold was implanted into dog class II furcation defects and 

periodontal healing was investigated at 4 weeks postsurgery.

Results: GO scaffold exhibited low cytotoxicity and enhanced cellular ingrowth behavior and 

rat bone forming ability. In addition, GO scaffold stimulated healing of dog class II furcation 

defects. Periodontal attachment formation, including alveolar bone, periodontal ligament-like 

tissue, and cementum-like tissue, was significantly increased by GO scaffold implantation, 

compared with untreated scaffold.

Conclusion: The results suggest that GO scaffold is biocompatible and possesses excellent 

bone and periodontal tissue formation ability. Therefore, GO scaffold would be beneficial for 

periodontal tissue engineering therapy.

Keywords: artificial collagen scaffold, cytotoxicity, nanocarbon, periodontal attachment, 

periodontal tissue engineering, rat cranial bone augmentation

Introduction
Periodontitis is a destructive inflammatory disease caused by oral bacterial cell growth 

that progressively invades periodontal tissue, such as alveolar bone, gingival connective 

tissue, periodontal ligament, and root cementum, subsequently diminishing the tooth 

support system.1 Currently, several periodontal tissue engineering therapies involving 

artificial bone grafting,2 guided tissue regeneration,3 and enamel matrix derivative4 

clinically contribute to the repair of lost periodontal tissue. However, the effects of these 

strategies are insufficient in advanced periodontitis. Therefore, development of novel 

therapy and biomaterial is needed to improve the regeneration quantity and quality of 

periodontal tissue. It is well known that scaffold material is an important element in tissue 

engineering strategy.5,6 When a 3-dimensional (3D) scaffold is applied to a tissue defect, 

the scaffold provides a suitable environment for retaining growth and nutrition factors to 

facilitate the repopulation and differentiation of stem cells,7 blood vessels, and extracellular 

matrices,8,9 and consequent reconstruction of the lost tissue.10,11 Conventional periodontal 

regenerative therapy, like guided tissue regeneration and enamel matrix derivative, lacks 
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the application in tissue engineering scaffold. We speculate that 

advances in scaffold material to improve cellular responses and 

bioactive agent accumulation play a crucial role in periodontal 

regenerative therapy for advanced periodontitis.

Nanocarbon materials, constructed by 6-membered ring 

network structures, such as carbon nanotubes,12,13 carbon 

nanohorns,14 fullerene,15 and graphene,16,17 exhibit unique 

physical, chemical, and mechanical properties and are widely 

investigated for biomedical application. Another member of 

the nanocarbon family, graphene oxide (GO), is obtained by 

oxidation and exfoliation of graphite and comprises a carbon 

monolayer arranged in a 2-dimensional honeycomb lattice.18–20 

GO exhibits a hydrophilic surface and has high dispersibility 

due to rich oxygen functional groups on its surface.21,22 

Therefore, it is considered that GO surface physiologically 

absorbs active substances and agents via covalent bonding. 

Furthermore, GO exhibits cytocompatibility and promotes 

the proliferation and differentiation of stem cells.23

To apply GO to tissue engineering therapy, some inves-

tigators created GO composite scaffolds. Chen et al reported 

that nanocomposites, zinc oxide nanoparticles on carboxylated 

GO, induced bone tissue regeneration.24 Nair et al revealed 

that GO nanoflakes and gelatin-hydroxyapatite scaffolds 

promoted osteogenic differentiation of human mesenchymal 

stem cells.25 Furthermore, Xie et al fabricated GO/chitosan 

composite scaffold and its implantation facilitated rat skull 

bone augmentation in combination use with octacalcium 

phosphate, bone morphogenetic protein (BMP)-2, and Ag 

nanoparticles.26 Thus, GO composite scaffold would be ben-

eficial for periodontal healing or regeneration via stem cell 

proliferation, bone induction, and consequent periodontal 

attachment reconstruction. Previously, we fabricated GO-

modified collagen scaffold and assessed its biocompatibility.27 

The scaffold exhibited high tissue compatibility in subcutane-

ous connective tissue and resulted in healing of tooth extrac-

tion sockets.28 Thus, we hypothesized that GO scaffold can 

stimulate the periodontal tissue-reforming process. However, 

GO scaffold application for periodontal defects has not been 

investigated thus far. Therefore, we herein report a new 

strategy for periodontal therapy using GO via a 3D collagen 

scaffold. We characterized and evaluated GO scaffold for 

periodontal wound healing of dog class II furcation defects.

Materials and methods
Fabrication of GO scaffold
GO (nanoGRAX®; Mitsubishi Gas Chemical Co. Inc., 

Tokyo, Japan) created by Hummers and Offeman method29 

was dispersed into 1-methyl-2-pyrrolidone (Wako Pure 

Chemical Industries Ltd., Osaka, Japan; Figure 1A). The GO 

monolayer exhibited ,1 nm thickness and 20 μm mean 

width.30 One hundred microliters of GO dispersion (1 μg/mL) 

was injected into the 3D collagen scaffold (6×6×3 mm, 

Terudermis®; Olympus Terumo Biomaterials Corp., Tokyo, 

Japan). After rinsing several times with ethanol and subsequent 

air drying, GO scaffold was obtained (Figure 1B). A collagen 

scaffold without GO was used as the control (Figure 1C).

Assessment of morphology, compressive 
strength, and cytotoxicity of GO scaffold
The morphology of GO scaffold was observed using a 

scanning electron microscope (SEM, S-4000; Hitachi Ltd., 

Tokyo, Japan) with accelerating voltage of 10 kV after coat-

ing with a thin layer of Pt-Pd. The compressive stress of the 

scaffold at 50% compression was measured using a universal 

testing machine (EZ-S; Shimadzu Corp., Kyoto, Japan) with 

a crosshead loading speed of 0.5 mm/min.

Mouse osteoblastic MC3T3-E1 cells (RIKEN BioResource 

Center, Tsukuba, Japan) were seeded on the scaffold (1×104 

cells/sample) and cultured in humidified 5% CO
2
 atmosphere 

at 37°C in minimum essential medium (alpha-GlutaMAX™-I; 

Thermo Fisher Scientific Inc., Waltham, MA, USA) supple-

mented with 10% fetal bovine serum (Qualified; Thermo Fisher 

Scientific Inc.) and 1% antibiotics (penicillin/streptomycin; 

Thermo Fisher Scientific Inc.). To assess the cytotoxicity, 

measurement of water-soluble tetrazolium salt (WST-8), and 

lactate dehydrogenase (LDH) level were carried out after 1, 3, 

and 5 days of culture using the Cell Counting Kit-8 (Dojindo 

Laboratories, Mashiki, Japan) and Cytotoxicity LDH Assay 

Kit-WST (Dojindo Laboratories), respectively. The absorbance 

of samples was read using a microplate reader (ETY-300; 

Toyo Sokki Co., Ltd., Yokohama, Japan) at 450 and 490 nm. 

To assess the cell adhesion to the scaffold, samples seeded 

with MC3T3-E1 cells (5×104 cells/sample) for 1 day culture 

were washed with PBS and fixed with 3.5% formaldehyde. 

The samples were immersed in 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 

solution (7.5% w/v, Albumin Dulbecco’s-PBS (-) Solution 

from bovine serum, Wako Pure Chemical Industries Ltd.) over-

night at 4°C. After washing 3 times with PBS, the stained cells 

were observed using a fluorescence laser scanning microscope 

(Biorevo BZ9000, Keyence Corp., Osaka, Japan).

Evaluation of bone augmentation on rat 
cranial bone
The in vivo experiments in rats were performed in accor-

dance with the institutional animal use and care regulations 
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Figure 1 Characterization of GO scaffold.
Notes: (A) GO dispersing solution. (B) GO scaffold. (C) Collagen scaffold. (D, E) SEM images of GO scaffold. A wrinkled structure of GO (white arrowheads) was observed 
on collagen fibers of GO scaffold. (F, G) SEM images of collagen scaffold. Visible striations (yellow arrowheads) were shown on collagen fibers of untreated collagen scaffold. 
(H) Compressive strength of scaffolds (N=6, mean ± SD). *P,0.05. (I) WST-8 and (J) LDH activity of MC3T3E-1 cells seeded onto scaffolds (N=4, mean ± SD). Scale bars 
represent 1 cm (A), 3 mm (B, C), 100 µm (D, F), and 1 µm (E, G).
Abbreviations: Col, collagen; GO, graphene oxide; LDH, lactate dehydrogenase; SEM, scanning electron microscopy, WST-8, water-soluble tetrazolium salt.
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of Hokkaido University (Animal Research Committee of 

Hokkaido University, Approval number 13-76) and approved 

by the Animal Research Committee of Hokkaido University. 

Thirty-four 10-week-old male Wistar rats weighing 

190–210 g were given general anesthesia by intraperitoneal 

injection of 0.6 mL/kg sodium pentobarbital (Somnopentyl; 

Kyoritsu Seiyaku Corp., Tokyo, Japan) and local injection 

of 2% lidocaine hydrochloride with 1:80,000 epinephrine 

(Xylocaine Cartridge for Dental Use; Dentsply Sankin K.K., 

Tokyo, Japan). After exposing rat cranial bone, a 4 mm square 

area was decorticated using a dental bur. Subsequently, GO 

scaffold was placed onto the decorticated area and skin was 

sutured (BioFit-D 4-0; Washiesu Medical Co., Ltd., Tokyo, 

Japan). For control, implantation of untreated collagen 

scaffold or no implantation was performed. Then ointment 

containing tetracycline hydrochloride (Achromycin oint-

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

wound. At 10 and 35 days postsurgery, rats were euthanized 

using an overdose of sodium pentobarbital (2 mL/kg).

Twelve samples, containing implanted GO scaffolds, 

cranial bone, and surround tissues, were collected at 10 days 

after implantation for histological observation. Samples 

were fixed in 10% buffered formalin, decalcified in 10% 

ethylenediaminetetraacetic acid (EDTA) and embedded in 

paraffin. After thin slicing (6 μm thick), sections were stained 

with H&E and observed using light microscopy. To perform 

the histometric measurement, 3 stained sections were taken, 

1 from the center of the excised tissue sample and 1 from 

tissue 1 mm to either side of the center. New bone height, new 

bone area, and residual scaffold area of 35-day specimens 

were measured using ImageJ software (ver. 1.41; National 

Institutes of Health, Bethesda, MD, USA).

Some samples were obtained for detection of mac-

rophages, fibroblasts, and blood vessels. Anesthetized rats 

were perfused via the aorta with 4% formaldehyde. The 

tissues were pre-fixed in formaldehyde for 24 h, dipped 

in 30% sucrose solution and embedded in optimal cutting 

temperature compound (Sakura Finetek Inc., Tokyo, Japan). 

After freezing in liquid nitrogen, ~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, sections were incubated overnight with the 

following primary antibodies: mouse anti-CD68 (1:100; 

Bio-Rad Laboratories Inc., Hercules, CA, USA), mouse 

anti-CD163 (1:100; Bio-Rad Laboratories Inc.), mouse anti-

prolyl-4-hydroxylase beta (P4HB; 1:1,600, clone 6-9H6; 

Acris Antibodies, Inc., San Diego, CA, USA), mouse 

anti-α-smooth muscle actin (ASMA; 1:1,600, clone 1A4; 

Sigma-Aldrich Co., St Louis, MO, USA) and mouse anti-rat 

endothelial cell antigen-1 (RECA-1; 1:1,000; AbD Serotec, 

Kidlington, UK). The antigen-antibody reaction sites were 

detected by incubation with Cy3-labeled anti-mouse IgG 

(Jackson ImmunoResearch Inc., West Grove, PA, USA). 

Nuclear staining was performed using TOTO-3 (Thermo 

Fisher Scientific Inc.). Sections were observed under a 

confocal laser scanning microscope (Fluoview; Olympus 

Corp.,). Sections incubated with normal mouse serum 

instead of respective primary antibody were used as nega-

tive controls.

Some samples were obtained for transmission electron 

microscopy (TEM) images. Using the standard procedure, 

samples were embedded in Epon. The samples were sliced 

and characterized using TEM (JEM1400, JEOL Ltd., Tokyo, 

Japan) at 80 kV acceleration voltage.

Assessment of periodontal healing of 
class II furcation defects
Five healthy female beagle dogs, aged 12–16 months and 

weighing ~10 kg, were used for this experiment. The in vivo 

experiments in beagles were performed in accordance with 

the institutional animal use and care regulations of Hokkaido 

University (Animal Research Committee of Hokkaido 

University, Approval number 15-39) and approved by 

the Animal Research Committee of Hokkaido University. 

Surgical procedures were performed under general anesthesia 

with medetomidine hydrochloride (0.4 mL/kg, Domitor; 

Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan), 

butorphanol tartrate (0.3 mL/kg, Vetorphale; Meiji Seika 

Pharma Co., Ltd., Tokyo, Japan) and midazolam (0.3 mL/kg, 

Dormicum® Injection 10 mg; Astellas Pharma Inc., Tokyo, 

Japan) under local anesthesia with lidocaine hydrochloride.

After reflection of the buccal flap, class II buccal furca-

tion defects (5 mm in height, 3 mm in width) were surgically 

created at the maxillary second, third, and fourth premolars 

using a dental bur. The periodontal ligament and cementum 

were removed from exposed roots. Reference notches indi-

cating the defect bottom were fabricated on root surfaces. 

Eighteen class  II furcation defects were thus created and 

randomly assigned for scaffold implantation. Subsequently, 

root surfaces were irrigated using EDTA (Smear Clean; 

Nippon Shika Yakuhin Co., Ltd, Shimonoseki, Japan) 

and washed with saline. GO scaffold was applied to the 

defect and the flap was repositioned and securely sutured 

(Surgilon™; Tyco Healthcare Japan, Tokyo, Japan). As con-

trols, untreated collagen scaffold was applied or no implan-

tation was performed. After surgery, ampicillin sodium 
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(300 mg/kg, Viccillin; Meiji Seika Pharma Co., Ltd.) was 

administered daily for 3 days and a plaque control regimen 

of 0.5% chlorhexidine (Hibitane®; Sumitomo Dainippon 

Pharma, Tokyo, Japan) twice weekly was provided for the 

entire experimental period.

The animals were euthanized 4 weeks postsurgery using 

an overdose of sodium pentobarbital (0.5 mL/kg) follow-

ing general anesthesia with medetomidine hydrochloride 

(0.1  mL/kg) and butorphanol tartrate (0.1 mL/kg). The 

removed tissue blocks were fixed in 10% buffered formalin 

and analyzed by CT (AZ3000CT; Asahi Roentgen Ind. Co., 

Ltd, Kyoto, Japan). Subsequently, blocks were decalcified 

in 10% formic acid and embedded in paraffin wax. Sections 

(7-μm thick) along the mesio-distal plane were serially 

prepared, stained with H&E and Masson’s trichrome and 

observed using light microscopy. For histometric analysis, 

3 stained sections were taken, 1 from the midsection of the 

furcation defect and 1 from section 1 mm to either side of the 

midsection. Five histomorphometric measurements, area of 

defect, newly formed bone, length of exposed root surface, 

cementum-like tissue, and periodontal ligament-like tissue, 

were evaluated for each stained section using ImageJ soft-

ware (ver. 1.41; National Institutes of Health).

Statistical analysis
The mean and SD were calculated for each parameter. Dif-

ferences between groups were analyzed using Scheffé’s test. 

P,0.05 was regarded as statistically significant. All statisti-

cal procedures were conducted using SPSS 11.0 (IBM Corp., 

Armonk, NY, USA).

Results
SEM observation, compression test, and 
cytotoxicity test of GO scaffold
GO scaffold possessed interconnected inner-space architec-

ture similar to untreated collagen scaffold. In higher mag-

nification images, the scaffold surface was nano-modified 

by GO application. A thin layer of GO frequently formed 

wrinkles on the collagen fiber surface of the scaffold. Stria-

tions of collagen fibrils of scaffold fibers were not observed 

after GO modification (Figure 1D–G).

The compressive strength of GO scaffold and untreated 

scaffold are shown in Figure 1H. The compressive strength of 

GO scaffold was 1.7-fold greater than that of untreated scaf-

fold (Figure 1H). Moreover, cytotoxicity assessments revealed 

that WST-8 and LDH levels in GO scaffold were equivalent 

to that of untreated collagen scaffold (Figure  1I and J). 

In addition, fluorescence images showed that osteoblastic 

cell elongation and spreading were demonstrated on the GO 

scaffold, similar to untreated scaffold (Figure S1).

Immunohistochemical observation of 
scaffold in rat
Images at 10 days after implantation showed that CD68-

expressing macrophages and P4HB-expressing fibroblasts 

were increased in GO scaffold compared with untreated 

scaffold. In addition, CD163-expressing macrophages and 

a vascular-like structure formed by ASMA-positive smooth 

muscle cells and RECA-1-positive endothelial cells were 

detected in GO scaffold. By contrast, specimens of untreated 

scaffold rarely exhibited CD163-positive macrophages and 

the blood vessel-like structure (Figure 2).

Rat cranial bone augmentation
Images at 35 days after implantation showed that cranial bone 

induction continuous with existing bone was remarkably pro-

moted by implantation of GO scaffold (Figure 3A–C). Slight 

residual GO scaffold was located around newly formed bone. 

Black spots were frequently dispersed into the bone marrow 

space and fibrous connective tissue around the newly formed 

bone. Ultrathin section of black spots showed the nanoscale 

flake-like structures resembling GO nanosheets in the cell 

body (Figure S2). Many cluster-like structures were found 

inside the cellular organelles like lysosome. Conversely, 

untreated collagen scaffold application showed no black 

spots and remarkable collagen residue on the cranial bone. 

The residue contained many fibroblastic cells, however, bone 

formation was slight (Figure 3D–F).

The results of histometric measurement are shown in 

Figure 3G–I. Newly formed bone area and height of samples 

receiving GO scaffold were 2.7- and 2.3-fold greater than 

those of untreated scaffold, respectively. In addition, residual 

scaffold area of untreated scaffold was 3.6-fold greater than 

that of GO scaffold.

Periodontal healing of dog class II 
furcation defects
Postoperative gingival healing was uneventful in all dogs 

(Figure 4A–C). Application of GO scaffold increased 

the degree of radiopacity of furcation bone defect in CT 

examination (Figure 4D–F). Histological observation 

revealed that GO application resulted in periodontal healing 

(Figure 5A–E). Newly formed alveolar bone was continu-

ous with existing apical bone and mostly filled the furcation 

defect. The ankylotic union between root surface and alveolar 
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Figure 2 Immunohistochemical observation of GO scaffold.
Notes: (A, F) CD68, (B, G) CD163, (C, H) P4HB, (D, I) ASMA, and (E, J) RECA-1, stained in red. Nuclei are stained green with TOTO-3. Double-headed arrows indicate 
the implanted scaffold. Scale bars represent 100 µm.
Abbreviations: ASMA, α-smooth muscle actin; Col, collagen; GO, graphene oxide; P4HB, prolyl-4-hydroxylase beta; PB, preexisting bone; RECA-1, rat endothelial cell 
antigen-1.

Figure 3 Histological findings after placement of GO scaffold on rat cranial bone.
Notes: (A–C) GO scaffold. High magnification (B, C) of the framed areas (b, c) in (A). Black spots (white arrowheads) were found around the newly formed bone. 
(D–F) Collagen scaffold. High magnification (E, F) of the framed areas (e, f) in (D). Staining with H&E. Scale bars represent 1 mm (A, D) and 100 μm (B, C, E, F). 
(G–I) Histomorphometric measurements (N=6, mean ± SD) of new bone area (G), new bone height (H), and residual scaffold area (I). *P,0.05.
Abbreviations: Col, collagen; Ctrl, control; GO, graphene oxide; NB, new bone; PB, preexisting bone; RS, residual scaffold.
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bone was not observed in all sections. In addition, severe root 

resorption was not demonstrated. Periodontal attachment 

apparatus was well  formed in the furcation. Periodontal 

ligament-like tissue, cementum-like tissue, and alveolar bone 

with the insertion of Sharpey’s fibers were observed on the 

root surface (Figure 5B and C). GO scaffold residue was 

rarely demonstrated in the furcation defect, and black spots 

were frequently found in the new bone marrow, similar to 

rat in vivo experiment (Figure 5D). In addition, black spots 

were found in the reformed periodontal ligament-like tissue 

(Figure 5E).

Untreated collagen scaffold implantation also promoted 

the formation of new bone and periodontal attachment in 

the furcation; however, the volume of regenerative tissue 

was less than that of GO scaffold (Figure 5F–H). Residual 

scaffold was frequently found in the central region of the 

furcation (Figure 5I). In the coronal portion, connective tis-

sue occupied the furcation and few epithelial cells invaded 

into the furcation defect. Cementum-like tissue was rarely 

formed on the root surface (Figure 5J). In control specimens 

(no implantation group), bone and periodontal attachment 

was rarely repaired (Figure 5K and L). Inflammatory tissue, 

epithelial tissue, and plaque-like structure were found in the 

apical portion of the furcation (Figure 5M and N).

Histometric analysis is shown in Figure 6. The mean 

alveolar bone area of the GO scaffold group (70%) was 

significantly greater than those of untreated scaffold (36%) 

and no implantation (14%) groups (Figure 6A). In addition, 

periodontal ligament-like tissue and cementum-like tissue 

formation in the GO scaffold group were significantly higher 

than those in the other groups (Figure 6B and C).

Discussion
SEM observation revealed that GO covered the collagen 

fibers after injection of GO dispersion (Figure 1E). The 

GO-coated layer seemed to be very thin; however, GO 

application enhanced the strength of collagen scaffold 

(Figure 1H). Kanayama et al previously explained that the 

GO-coated layer creates an attractive force, van der Waals 

force, attributable to its nanoscale distance.31 Improvement 

of scaffold compressive strength may obtain space main-

tenance ability and promote regenerative tissue formation 

in the body. In addition, it was suggested that cytotoxicity 

of GO scaffold were approximately equivalent to that of 

untreated scaffold (Figure 1I and J). These results with regard 

to cytocompatibility support findings of previous studies. 

Ryoo et al reported that proliferation of NIH-3T3 fibroblasts 

was upregulated on the applied GO surface and concluded 

that the GO surface is biocompatible.32 Since the GO mono-

layer possesses many functional groups, including hydroxyl 

(OH), epoxy (C-O-C), and carboxyl (COOH) species on its 

surface, the GO layer has a hydrophilic surface and contains 

electrostatic interactions.23,33 Reportedly, various bioactive 

substances, such as serum and extracellular matrix proteins, 

could be adsorbed on the GO surface to create a favorable 

environment for cell proliferation and differentiation.34,35 

Indeed, Nishida et al reported that GO-applied scaffold was 

able to adsorb both albumin and lysozyme in the protein 

adsorption test.28 It is considered that adsorption properties of 

GO scaffold would be great advantages for scaffold material 

in tissue engineering.

In the rat implantation study, we confirmed that GO 

scaffold promoted bone augmentation of rat cranial bone. 

Figure 4 Digital photographs and CT images of dog class II furcation defects.
Notes: (A) Pre-operation. (B) Surgically created furcation defects. (C) Postoperation. (D–F) CT images of furcation receiving no implantation (D), collagen scaffold (E), and 
GO scaffold (F) at 4 weeks postsurgery. Scale bars represent 5 mm.
Abbreviations: Col, collagen; Ctrl, control; GO, graphene oxide.
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Figure 5 Histological findings after implantation of GO scaffold into dog class II furcation defects.
Notes: (A–E) GO scaffold. High magnification (B–E) of the framed areas (b–e) in (A). Periodontal ligament-like tissue, cementum-like tissue, and alveolar bone with the 
insertion of Sharpey’s fibers (white arrowheads) was demonstrated. Black spots (black arrows) were found in the newly formed bone marrow and periodontal ligament-
like tissue. (F–J) Collagen scaffold. High magnification (G–J) of the framed areas (g–j) in (F). (K–N) No implantation. High magnification (L–N) of the framed areas (l–n) 
in (K). Staining with H&E (A, B, D–F, H–K, M, N) and Masson’s trichrome (C, G, L). Scale bars represent 1 mm (A, F, K) and 100 μm (B–E, G–J, L–N). Yellow arrowheads 
(A, F, K) indicate the apical bottom of the periodontal defect.
Abbreviations: Col, collagen; CT, cementum-like tissue; Ctrl, control; ET, epithelial tissue; GO, graphene oxide; IT, inflammatory tissue; NB, new bone; PB, preexisting 
bone; PL, periodontal ligament-like tissue; PS, plaque-like structure; R, root; RS, residual scaffold.

Reportedly, GO application facilitates the proliferation and 

differentiation of osteoblasts.36,37 In the present study, immu-

nostaining of 10 day cranial bone samples showed increased 

CD68-positive macrophages and P4HB-positive fibroblasts 

in GO scaffold compared with untreated scaffold. In addi-

tion, CD163-positive macrophages, ASMA-positive vascular 

smooth muscle cells, and RECA-1-positive endothelial cells 

associated with blood vessel formation were mainly found 
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in GO scaffold (Figure 2). CD163-positive macrophages 

(M2 macrophages) are associated with immunosuppression 

and enhance tissue repair, remodeling, and subsequent wound 

healing.38 Polyl-4-hydroxylases have a major role in collagen 

biosynthesis and catalyze the formation of 4-hydroxyproline 

via the hydroxylation of prolines. Smooth muscle cells 

are located in the arterial wall to regulate blood delivery. 

According to our results, GO application may stimulate the 

cell migration and proliferation associated with wound heal-

ing process. Furthermore, Kanayama et al and Nishida et al 

reported that GO layer and GO scaffold exhibited calcium 

adsorption properties.28,31 Calcium-rich GO scaffold may 

induce osseous marker expression and adjust the in vivo 

environment for bone tissue engineering.

In the CT and histological images of postoperative dog 

class II furcation defects, GO scaffold promoted alveolar bone 

healing of class II furcation defects, similar to bone augmen-

tation in the rat skull model. The regeneration of functional 

periodontal tissue generally requires periodontal attachment 

formation with simultaneous bone regeneration. In the present 

study, GO scaffold succeeded the formation of periodontal 

ligament-like and cementum-like tissue along with alveolar 

bone formation (Figure 5B and C). Proliferation of human 

periodontal stem cells has also been stimulated on GO layer, 

GO-coated titanium, and GO/fibroin film.39,40 Therefore, the 

combination of GO and periodontal stem cells may be desirable 

for periodontal attachment formation. Miyaji et al previously 

reported that abnormal healing on the root surface, such as 

severe root resorption and ankylosis, were exhibited by implant-

ing BMP, which strongly promoted osteoblastic differentiation 

and bone induction.41 In contrast to BMP therapy, aberrant 

healing was not found, and alveolar bone healing and resto-

ration of the periodontal attachment was smoothly advanced 

by GO scaffold application. We thus confirmed the high 

potential of GO scaffold for periodontal tissue engineering.

The measurement of residual scaffold area (Figure 3I) 

revealed that GO application stimulated collagen scaffold 

degradation in the body. Wang et al revealed that GO was 

engulfed by cells, and residual graphene flakes were detected 

in cell lysosomes.42 In immunohistochemical observation, 

we detected many CD68-positive macrophages associated 

with phagocytosis in GO scaffold. In addition, black spots 

included GO flake-like structures and nanoscaled clusters 

(Figure S2), as well as in similar previous researches about 

GO internalization.42,43 Therefore, we considered GO was 

not decomposed but aggregated by macrophages through 

phagocytosis. GO scaffold completely disappeared in fur-

cation defects in dog, and small black spots were found in 

newly formed periodontal tissues similar to the rat bone aug-

mentation study (Figure 5D and E). Therefore, we speculate 

that GO application to collagen scaffold stimulated scaffold 

degradation and subsequently replaced the scaffold with 

regenerative periodontal tissue. The catalytic behavior of 

GO may play an important role in favorable tissue recon-

struction by migration and proliferation of cells. Nonethe-

less, the influence of the aggregates should be addressed for 

biosafety. When GO was intravenously injected into rats, 

aberrant blood biochemical data and obvious organ damage 

were not observed, and GO was excreted with liver/spleen 

accumulates.44 However, the long-term effects of residual GO 

in periodontal and bone tissues are unclear. Further investiga-

tion is desirable for elucidation of GO scaffold biosafety.

Conclusion
We assessed the biological capabilities of 3D GO scaffold 

and effects of GO scaffold application on periodontal tissue 

healing in this preclinical study. Our results showed that 

GO application enhanced the cellular ingrowth behavior and 

angiogenesis on the rat skull. In addition, bone augmentation 

of rat cranial bone was promoted by GO scaffold implantation. 

Figure 6 Histomorphometric assessment of dog class II furcation defects.
Notes: (A–C) Histomorphometric measurements (N=5, mean ± SD) of new bone area (A), periodontal ligament-like tissue (B), and cementum-like tissue (C). *P,0.05.
Abbreviations: Col, collagen; Ctrl, control; GO, graphene oxide.
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Moreover, in the periodontal defect model of class II furca-

tion in beagle dogs, alveolar bone healing and periodontal 

attachment repair were facilitated by GO scaffold application. 

Therefore, GO scaffold would be beneficial for periodontal 

tissue engineering therapy.
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Supplementary materials

Figure S1 Immunofluorescence images of cells cultured on GO scaffold.
Notes: (A) GO scaffold. (B) Collagen scaffold. Actin fibers are stained red with fluorescent phalloidin and nuclei are stained blue with DAPI. Scale bars represent 100 μm.
Abbreviations: Col, collagen; DAPI, 4′,6-diamidino-2-phenylindole; GO, graphene oxide.

Figure S2 TEM images of cells after GO scaffold implantation.
Notes: (A) Blackened cell around the newly formed bone in rat. (B) Higher magnification of the boxed area in (A). Flake-like (arrowheads) and cluster-like structures 
(arrows) were observed in the cell body. Scale bars represent 2 μm (A) and 200 nm (B).
Abbreviations: GO, graphene oxide; Ly, lysosome; N, nuclei; TEM, transmission electron microscope.
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