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Abstract: Periodontal diseases occur through bacterial infection in the oral cavity, which can cause
alveolar bone loss. Several efforts have been made to reconstruct alveolar bone, such as grafting bone
substitutes and 3D-printed scaffolds. Poly(ε-caprolactone) (PCL) is biocompatible and biodegradable,
thus demonstrating its potential as a biomaterial substitute; however, it is difficult for cells to adhere
to PCL because of its strong hydrophobicity. Therefore, its use as a biomaterial has limitations. In this
study, we used graphene oxide (GO) as a coating material to promote the osteogenic differentiation
ability of PCL scaffolds. First, 3D-printed PCL scaffolds were fabricated, and the oxygen plasma
treatment and coating conditions were established according to the concentration of GO. The physical
and chemical properties of the prepared scaffolds were evaluated through water contact angle
analysis, Raman spectroscopy, and image analysis. In addition, the adhesion and proliferation of
periodontal ligament stem cells (PDLSCs) on the GO scaffolds were assessed via the water-soluble
tetrazolium salt-1 (WST-1) assay, and the osteogenic differentiation ability was evaluated through
alizarin red S staining. The results confirmed that the cell proliferation and osteogenic differentiation
of the PDLSCs were enhanced in the scaffolds coated with oxygen plasma and GO. In conclusion, the
plasma-treated GO-coating method that we developed can be used to promote the cell proliferation
and osteogenic differentiation of the scaffolds.

Keywords: 3D printing; poly(ε-caprolactone); graphene oxide; periodontal ligament stem cells;
osteogenic differentiation

1. Introduction

Because of population aging, the number of elderly patients suffering from periodontal
disease is increasing. Periodontal disease is broken down into four stages and the first
stage is called gingivitis. Therefore, research on gingivitis is important to treat periodontal
diseases. When periodontal diseases get worse, alveolar bone defects occur and various
bone graft materials need to be transplanted for treatment [1]. However, this transplantation
method can cause various side effects depending on the materials used [2]. As apical
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periodontitis is associated with periodontal pathology, which can cause bone defects, a
regenerative approach must be considered [3]. The regeneration of periodontal tissue
and the development of substitute materials are important topics in the field of tissue
engineering [4]. Periodontal tissue is a complex tissue composed of cementum, periodontal
ligament, alveolar bone, and gingiva. As these four tissues must be organically restored to
regenerate periodontal tissue, and research on regenerating this tissue using stem cells is
actively underway [5].

With the development of 3D printing technology, treatments utilizing 3D printing
technology in the field of tissue engineering are being evaluated [6], and research on the
development of biomaterials continues. Various bone substitute, such as ceramics and
metals [7], are being studied [8,9]. Even though metals and ceramics have good physical
properties for bone substitute materials, surgery is required for the removal of implants
after the fracture has healed. In addition, it is difficult to attach cells on the surface of
metals and ceramics. Therefore, there is a limitation to regenerate cells. Polymers are
available in a wide variety of compositions, properties, and forms and can be readily
fabricated into complex shapes and structures, which make them advantageous for use
as biomaterials [10]. In addition, the polymer degrades naturally from the body because
of the biodegradable properties; thus, surgical removal is not required [11]. Recently,
composite materials including biodegradable matrix and bioactive fillers have been studied
as cutting-edge technologies in the field of bone reconstruction [12].

Among the various biomaterials, polycaprolactone (PCL) is widely used in 3D printing
for the fabrication of tissue engineering scaffolds because it has adequate biomechanical
properties [13], such as biocompatibility and biodegradability, and is naturally decomposed
in the body after a certain period [14,15]. However, it is difficult to attach cells on the surface
of PCL because it is hydrophobic. To solve this problem, many studies are being conducted
to improve the cell adhesion efficiency by modifying the surface of PCL through various
treatments, such as NaOH, oxygen plasma, UV irradiation, and gelatin coating [16]. Various
studies have attempted to promote cell proliferation by modifying the surface properties of
PCL. Cho et al. (2015) produced a hydrophilic PCL nanofiber scaffold by electrospinning
a PCL/polyvinylpyrrolidone(PVP)-b-PCL polymer for improving biocompatibility [17],
and Ko et al. (2015) analyzed the properties of a plasma-treated electrospun PCL nanofiber
scaffold in bone tissue engineering. Jeon et al. (2014) fabricated a surface-modified PCL
scaffold with variable nanosized surface roughness using plasma treatment [18].

To improve biological properties, such as the osteogenic differentiation of PCL, we
used an oxygen plasma treatment and graphene oxide (GO) coating technology. Many
researchers applied the oxygen plasma treatment method because it can etch the surface
of PCL in a relatively simple and fast process. In addition, coating GO on the polymer
increases the hydrophilicity of the surface. And the surface with increased hydrophilicity
promotes cell adhesion. GO has excellent rigidity and biocompatibility [19]; thus, it is used
as a transplant platform in stem cell culture [20]. The epoxide, carboxyl, and hydroxyl
groups present at the base and edges of GO allows for greater interaction with proteins
through covalent, electrostatic, and hydrogen bonding [21]. With this property, GO can
reinforce the osteogenic differentiation of stem cells [22]. Lee et al. (2011) studied graphene
and GO for enhancing stem cell growth and differentiation [20], and recently, the phase
change of GO was evaluated by Yang et al. In addition, there is also active research
that GO helps bone regeneration [23,24]. Further, Vera-Sánchez et al. (2016) studied
the biocompatibility and potential of a composite coating with graphene oxide and its
potential to induce differentiation of human periodontal ligament stem cells [25]. Thus,
the enhancement of osteogenic differentiation in GO-based biomaterials was studied [26].
However, in the previous research on 3D printing of GO-based biomaterials, GO was often
blended with polymer, which resulted in the excessive consumption of GO. Despite the
large consumption of GO, its effect was not significant, since only small amount of GO
particles were exposed to the surface. Most of the GO particles were embedded by the PCL
rather than exposed on the surface. In this study, a more efficient osteogenic differentiation
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scaffold model was developed by coating GO on the surface, and the efficiency of the
coating was further improved through oxygen plasma treatment.

In this study, we aimed to evaluate the enhancement of the osteogenic differentia-
tion capacity of periodontal ligament stem cells by using the synergistic effect of plasma
treatment and GO coating on the surface of 3D-printed polycaprolactone scaffolds. First,
3D-printed PCL scaffolds were fabricated, and coating conditions were established ac-
cording to the oxygen plasma treatment and GO concentration as shown in Figure 1. The
physical/chemical properties of the prepared scaffolds were assessed, and the ability of
periodontal ligament stem cells to adhere, proliferate, and induce osteogenic differentiation
was evaluated.
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2. Materials and Methods
2.1. Fabrication of Plasma-Treated and GO-Coated (P-GO) Scaffold
2.1.1. Scaffolds Fabrication

Scaffolds were fabricated with a material extrusion 3D printer. PCL (MW: 45,000,
Polysciences, Warrington, PA, USA) was placed in a stainless-steel syringe, heated to 80 ◦C
using a heating unit, and extruded using a pneumatic pump system. The printed PCL
scaffolds were punched out with an 11 mm punch to form a circular scaffold.

2.1.2. Oxygen Plasma Treatment

The plasma treatment was carried out in an oxygen atmosphere in a plasma system
(Femto Science, Hwaseong, Korea). Plasma-treated samples were exposed to an oxygen
atmosphere for 5 min before the samples were removed from the chamber.

2.1.3. GO Coating

GO was prepared from graphite (Alfa-Aesar, Haverhill, MA, USA) through the modi-
fied Hummer’s method [27]. Through dilution in distilled water, the concentration was
adjusted to 0.125, 0.250, and 0.5 mg/mL. The plasma-treated scaffolds were coated using a
dip-coating method. The GO was washed 3 times with distilled water and sterilized for
30 min with 70% ethanol.

2.2. Characterization of the P-GO Scaffold
2.2.1. Raman Spectroscopy

The presence of graphene in the coated scaffolds was confirmed by Raman spectrome-
try (DXR2xi, Thermofisherscientific, Waltham, MA, USA) at 532 nm [28].

2.2.2. Contact Angle

The hydrophilicity of the scaffolds was confirmed through the water contact angle
after the coating with GO. Here, 10 µL of distilled water was dropped on each of the
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scaffolds to measure the contact angle between the scaffold and water using Easydrop
(Kruss, Hamburg, Germany).

2.2.3. Coating Ability and Uniformity

To evaluate the efficiency of the plasma treatment and coating by GO concentration,
pictures of the scaffolds were obtained, and the brightness of the pixels was compared
through analysis using ImageJ. Five lines were drawn per scaffold at equal intervals with
the center of the scaffold farthest from the light source, and the brightness value was
calculated as a line. This was averaged to calculate the average values for each plasma
coating and GO concentration and mean of the standard deviation was determined.

2.2.4. Field Emission Scanning Electron Microscopy

The morphology of the scaffolds was observed by field emission scanning electron
microscopy (FE-SEM) (SUPRA 55VP, Zeiss, Oberkochen, Germany). Scaffolds were sputter
coated with 15 nm platinum and observed under the FE-SEM machine at an accelerating
voltage of 2 kV.

2.3. Cell Viability and Osteoinductivity on the P-GO Scaffold
2.3.1. Cell Culture

Human periodontal ligament stem cells (PDLSCs) were isolated from the dental tis-
sue of adult patients for treatment purposes (Intellectual Biointerface Engineering Center,
Dental Research Institute, College of Dentistry, Seoul National University, Institutional
IRB approval number: CRI05004). The seeding density on the scaffolds was 5 × 104 cells
per scaffold. Incubation was performed at 37.5 ◦C and 5% CO2 in Minimum Essential
Medium Eagle-alpha modification (alpha MEM; WELGENE, Gyeongsan, Korea), supple-
mented with 10% fetal bovine serum (FBS; WELGENE, Gyeongsan, Korea), 1% antibiotics
(WELGENE, Gyeongsan, Korea), and 1 mg/mL tyrosine (Sigma-Aldrich, St. Louis, MO,
USA) and trypsin-ethylenediaminetetraacetic acid (EDTA) (WELGENE, Gyeongsan, Korea).
Osteogenic media was supplied after the cell attachment in the differentiation assay, which
was composed of 0.1 µM dexamethasone, 10 µM β–glycerophosphate, and 100 µM ascorbic
acid, and added to the proliferation media.

2.3.2. Water-Soluble Tetrazolium Salt-1 (WST-1) Assay

The biological effect of GO was examined using a water-soluble tetrazolium salt-1
(WST-1; Daeillab, Seoul, Korea) assay. The PDLSCs were cultured with culture media
comprised of alpha MEM, 10% FBS, 1% antibiotics, and 0.1% tyrosine. GO scaffolds
were placed in a 48-well plate and stored at 37 ◦C for 1 h prior to cell culture. Then,
250 µL of the medium containing PDLSCs was pipetted into each well. Cells were seeded
at 5 × 104 cells/well. After 1, 3, and 7 days, the viable cells were determined using a
microplate reader (Tecan, Männedorf, Switzerland).

2.3.3. Immunocytochemistry (ICC)

Cells were seeded on the GO scaffolds in 48-well plates at a density of 5 × 104 cells
per well and incubated for 1–7 days. The adhered cells were fixed with a 4% paraformalde-
hyde solution (Sigma-Aldrich, St. Louis, MO, USA) for 60 min, permeabilized with
0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 15 min, and stained with
tetramethylrhodamine(TRITC)-conjugated phalloidin (Millipore, Burlington, MA, USA)
and 4,6-diamidino-2-phenylinodole (DAPI; Millipore, Burlington, MA, USA) for 30 min. A
fluorescence microscope (Nikon, Tokyo, Japan) was used for acquiring the images of the
stained cells.

2.3.4. Alizarin Red S Staining

Cells were seeded on the GO scaffolds in 48-well plates at a density of 1 × 106 cells
per well and incubated in osteogenic media for 1 and 2 weeks. After staining the cells with
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alizarin red S (Sigma-Aldrich, St. Louis, MO, USA), calcium deposition was determined
using a microplate reader.

2.3.5. Immunocytochemistry for Assessing Osteogenic Differentiation

Cells were seeded on the GO scaffolds in 48-well plates at a density of 1 × 105 cells per
well and incubated in osteogenic media for 2 weeks. The adhered cells were fixed with a 4%
paraformaldehyde solution (Sigma-Aldrich, St. Louis, MO, USA) for 60 min, permeabilized
with 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 15 min, a primary antibody
(polyclonal anti-human osteopontin goat IgG, R&D system, Minneapolis, MN, USA) for
1 h, and a secondary antibody (anti-goat IgG fluorescein isothiocyanate (FITC) conjugate)
for 1 h, and stained with TRITC-conjugated phalloidin (Millipore, Burlington, MA, USA)
and 4,6-diamidino-2-phenylinodole (DAPI; Millipore, Burlington, MA, USA) for 30 min. A
fluorescence microscope (Nikon, Tokyo, Japan) was used for acquiring the images of the
stained cells.

2.3.6. Alkaline Phosphatase (ALP) Assay

PDLSCs were seeded in a 48-well plate with 1.0 × 106 cells per well in a complete
medium; they were treated in an osteogenic differentiation medium. The ALP activity
was assessed using the SensoLyte® pNPP Alkaline Phosphatase Assay Kit (Thermo fisher
scientific, Waltham, MA, USA) 1 and 4 days after the osteogenic differentiation medium
was added, following the manufacturer’s instructions.

2.4. Statistical Data Analysis

Statistical analysis was carried out using R Studio for Windows v1.2.5042 (RStudio
Inc., Boston, MA, USA). The statistical significance between the control and treatment
groups was compared using one-way ANOVA at * p < 0.05. The data are reported as the
mean ± standard deviation, n = 5.

3. Results
3.1. Fabrication of the P-GO Scaffold

After fabricating grid-patterned PCL scaffolds using a 3D printer, the scaffolds were
exposed to oxygen plasma for 300 s. Then, the scaffolds were coated by immersion in a GO
solution of 0.125, 0.25, and 0.5 mg/mL.

3.2. Characterization of the P-GO Scaffolds
3.2.1. Physical Properties of the P-GO Scaffolds

Raman spectroscopy was used to confirm that the GO produced by the modified
Hummer’s method was coated normally. As shown in Figure 2a, unlike the PCL or PCL-
plasma treatment group, peaks were observed at 1300 cm−1 and 1500 cm−1 in the PCL-GO
and PCL-plasma-GO treatment groups, respectively. Therefore, GO was coated on the
surface of the scaffolds.

To confirm the effect of the hydrophilicity increasing because of the GO coating, 10 µL
of water was dropped on each sample, and the water contact angle was measured. Figure
2b shows that, compared to the PCL and PCL-plasma treatment groups, the contact angle
of the PCL-GO treatment group decreased by approximately 46%, and that of the PCL-
plasma-GO treatment group decreased by approximately 67%. The hydrophilicity of the
GO-coated scaffolds was greater than that of the non-coated scaffolds, and the PCL-plasma-
GO treatment group was more hydrophilic than the PCL-GO treatment group.
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3.2.2. Coating Ability and Uniformity

To ensure the uniformity of the scaffold coating, the scaffolds were coated by preparing
a GO solution with three concentrations of 0.125, 0.25, and 0.5 mg/m. In Figure 3a it can
be seen that the GO-coated scaffolds after plasma treatment performed better than the
GO-coated scaffolds without plasma treatment, and the uniformity was greatly enhanced.
To confirm this quantitatively, an image analysis method using ImageJ was used. As shown
in Figure 3b, the analysis showed that the higher the GO concentration, the lower the
gray value. As shown in Figure 3c, the standard deviation of the pixel intensity of the
plasma-treated group was approximately 34.5% superior to that of the plasma-untreated
group, and the plasma-treated group produced a uniform GO coating compared to the
plasma-untreated group.

3.2.3. Morphology of the P-GO Scaffold

The morphology of the scaffolds was determined by FE-SEM. To confirm the mi-
crostructure of the scaffolds, the detailed structure was confirmed through FE-SEM. In
Figure 4, the surface of the scaffolds is shown. In the 30,000× picture, the scaffold’s surface
treated with oxygen plasma for 5 min was etched. For the coating, oxygen plasma was not
observed, and GO was assumed to be coated on the etched part.
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Polymers 2021, 13, 797 8 of 15Polymers 2021, 13, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 4. Field emission scanning electron microscopy (FE-SEM) images of scaffolds at 150×, 10,000×, 30,000× magnifica-
tion. White scale bars; 200 μm, navy scale bars; 10 μm, purple scale bars; 0.25 μm. (P-GO; Oxygen plasma-graphene oxide 
coating). 

3.3. Cell Viability and Osteoinductivity on the P-GO Scaffolds 
3.3.1. Protein Absorption 

From the protein adsorption experiments, there was no difference between the PCL 
and PCL-plasma scaffolds. Figure 5d shows that the scaffolds coated with 0.125, 0.25, and 
0.5 mg/mL GO increased protein adsorption by approximately 238%, 360%, and 409%, 
respectively, compared to the untreated scaffolds. This confirmed that the graphene coat-
ing increased the degree of adsorption between the scaffold and protein. 

3.3.2. Immunocytochemistry 
To confirm the cell adhesion ability and cytotoxicity of the GO scaffolds, cells were 

proliferated for 1, 3, and 7 days using PDLSCs, and then, the WST-1 assay was performed. 
The cytotoxicity of the PDLSCs demonstrated the cytocompatibility of GO. As shown in 
Figure 5a, there was no significant difference among the samples. The results indicate that 
the PCL-GO scaffolds are suitable for long-term cell culture. In addition, the ICC image 
was divided into quarters, and then, the number of cells was counted to evaluate the cell 
adhesion. As a result of the calculation, the number of cells in the P-GO scaffolds was 
greater than that of the untreated scaffolds. 

Figure 5b shows the number of cells shown in Figure 5a after being counted via Im-
ageJ software. On the 0.5 mg/mL GO-coated experimental group at day 7, a higher num-
ber of cells were observed than other experimental groups. Therefore, it was confirmed 
that the 0.5 mg/mL GO-coated scaffolds were effective in proliferating cells. 

 

Figure 4. Field emission scanning electron microscopy (FE-SEM) images of scaffolds at 150×, 10,000×, 30,000× magnifi-
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3.3. Cell Viability and Osteoinductivity on the P-GO Scaffolds
3.3.1. Protein Absorption

From the protein adsorption experiments, there was no difference between the PCL
and PCL-plasma scaffolds. Figure 5d shows that the scaffolds coated with 0.125, 0.25, and
0.5 mg/mL GO increased protein adsorption by approximately 238%, 360%, and 409%,
respectively, compared to the untreated scaffolds. This confirmed that the graphene coating
increased the degree of adsorption between the scaffold and protein.

3.3.2. Immunocytochemistry

To confirm the cell adhesion ability and cytotoxicity of the GO scaffolds, cells were
proliferated for 1, 3, and 7 days using PDLSCs, and then, the WST-1 assay was performed.
The cytotoxicity of the PDLSCs demonstrated the cytocompatibility of GO. As shown in
Figure 5a, there was no significant difference among the samples. The results indicate that
the PCL-GO scaffolds are suitable for long-term cell culture. In addition, the ICC image
was divided into quarters, and then, the number of cells was counted to evaluate the cell
adhesion. As a result of the calculation, the number of cells in the P-GO scaffolds was
greater than that of the untreated scaffolds.

Figure 5b shows the number of cells shown in Figure 5a after being counted via ImageJ
software. On the 0.5 mg/mL GO-coated experimental group at day 7, a higher number of
cells were observed than other experimental groups. Therefore, it was confirmed that the
0.5 mg/mL GO-coated scaffolds were effective in proliferating cells.
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Figure 5. Cell viability on the scaffolds (a) Immunocytochemistry images of the scaffolds. Cytoskeleton was stained
by tetramethylrhodamine (TRITC)-conjugated phalloidin (red). Cell nuclei were thus visualized by 4,6-diamidino-2-
phenylinodole (DAPI, blue). Scale bars; 250 µm. (b) Cell counting in immunocytochemistry image (ANOVA, Duncan’s
multiple range test, p < 0.05). Same letters indicate that there is no significant difference between samples. (c) Cell viability
results for the periodontal ligament stem cells (PDLSCs) on the PCL, PCL-plasma, and PCL-plasma-GO at 0.125 mg/mL, the
PCL-plasma-GO at 0.25 mg/mL, and the PCL-plasma-GO at 0.5 mg/mL. The cell viabilities of the PDLSCs were measured
at an absorbance of 450 nm. (d) Comparison of bovine serum albumin (BSA) protein absorption of the PCL, PCL-plasma,
and with GO scaffolds after incubation for 24 h. The BSA protein absorption was measured at an absorbance of 570 nm
(error bars indicate standard deviations, n = 5). (ANOVA, Duncan’s multiple range test, p < 0.05). Same letters indicate that
there is no significant difference between samples.

3.3.3. Water Soluble Tetrazolium Salt-1 (WST-1) Assay

To confirm the cell adhesion ability and cytotoxicity of the GO scaffolds, cells were
proliferated for 1, 3, and 7 days using PDLSCs, and then, the WST-1 assay was performed.
The cytotoxicity of the PDLSCs demonstrated the cytocompatibility of GO. Figure 5c shows
that there was no significant difference among the samples. The results indicate that the
PCL-GO scaffolds are suitable for long-term cell culture.

3.3.4. Alizarin Red S Staining

To confirm the osteogenic differentiation effect of the P-GO scaffolds, calcium gener-
ated during the differentiation process was stained by alizarin red S staining. As shown in
Figure 6a,b, the calcium deposition of the P-GO scaffolds increased by 60% compared to
the other scaffolds, and the effect of promoting osteogenic differentiation of the 0.5 mg/mL
P-GO scaffold was indirectly confirmed.
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3.3.5. Alkaline Phosphatase (ALP) Assay

As a result of ALP assay, there was no significant difference in the results between the
PCL-plasma scaffolds and the 0.5 mg/mL P-GO scaffolds. However, the absorbance values
of P-GO scaffolds showed better ALP activity compared to the PCL-plasma scaffolds. From
the results of ALP assay and alizarin red S staining, shown in Figure 6c, it was observed
that the initial osteogenic differentiation of the P-GO scaffold was promoted compared to
the other experimental groups.

3.3.6. Immunocytochemistry for Assessing Osteogenic Differentiation

To confirm the osteogenic differentiation of PDLSCs in the P-GO scaffolds, the presence
of osteopontin, an osteogenic differentiation marker, was qualitatively analyzed through
ICC. PDLSCs were promoted for osteogenic differentiation for 10 and 20 days using
osteogenic media. As a result of observing the images taken through ICC, and shown
in Figure 7, it was confirmed that osteopontin, one of the early differentiation markers,
was observed more in the P-GO scaffolds. The results indicate that the 0.5 mg/mL P-GO
scaffolds are more effective in osteogenic differentiation than the untreated scaffolds.
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4. Discussion

With the development of 3D printing technology, regenerating living tissues and
organs using various biomaterials has been attempted. Among the biomaterials, PCL [29]
has been approved by the FDA, has appropriate physical properties, and is widely used
because of its biodegradability [30]. However, because of the hydrophobicity of PCL [31],
it is difficult to adhere cells to the surface [32], with the result of decreasing cell prolifera-
tion [33]. Therefore, reducing the hydrophobicity of PCL and increasing the differentiation
ability of stem cells through various post-treatments are also actively being studied [34,35].
The regeneration of periodontal ligament tissues through the above-mentioned technology
is also being actively researched. Periodontal ligament tissue is a complex tissue composed
of cementum, alveolar bone, periodontal ligament, and gingiva, and once it is damaged, it
is difficult to regenerate again [36]. Existing treatments for alveolar bone loss are limited to
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bone graft filling [37]. To improve this, regenerating complex periodontal ligament tissues
by culturing stem cells in scaffolds is required.

In this study, we fabricated P-GO scaffolds by treating the PCL scaffolds with oxygen
plasma and then dip-coating GO solution to increase the hydrophilicity, cell proliferation,
and bone differentiation ability of the scaffolds. First, GO was synthesized from graphite
using the modified Hummer’s method, Raman spectroscopy confirmed that GO was
synthesized correctly, and the coating was normally applied on the scaffolds. Peaks were
observed at 1350 and 1800 m−1, which are the peaks observed in GO. Therefore, the material
we synthesized was confirmed to be GO, and GO was normally coated on the scaffolds’
surface. Next, the surface of the coated scaffolds was observed using FE-SEM. In the group
treated with only oxygen plasma on PCL at 30,000×, the PCL surface was etched and cut off.
However, after oxygen plasma treatment, the surface coated with GO was not observed to
be cut off. Thus, GO was coated on the surface cutout after treatment with oxygen plasma
so that the surface could not be observed. Next, the change in hydrophobicity for each
experimental group was confirmed through the water contact angle, and on the basis of the
results of the measurement, the P-GO scaffolds decreased by approximately 62% compared
to the untreated group. Thus, the P-GO scaffolds were susceptible to hydrophobicity and
increased hydrophilicity compared to the untreated group. Cell adhesion was expected
to be facilitated. Here, the coating efficiency of each GO solution was observed using the
brightness value through image analysis with ImageJ. From the visual observation before
the image analysis, the experimental groups immersed in GO solution without oxygen
plasma treatment showed that the coating was not uniformly applied, and the phenomenon
was mottled. As the concentration of the GO-coated solution increased, the pixel value
decreased on the basis of the quantitative image analysis. When the concentration of
the GO solution was higher, the coating appeared darker. In addition, the mean of the
standard deviation of the brightness values of the oxygen plasma-treated GO coating
group decreased by an average of 20% compared to the standard deviation of the oxygen
plasma-treated GO coating group. The oxygen plasma treatment and the coating of GO
showed a more even coating compared to the GO coating without treatment, indicating
that the GO coating was more efficient.

The purpose of this study was to investigate the proliferation and osteogenic differen-
tiation of stem cells using the synergetic effects of oxygen plasma treatment and GO coating.
Before the full-scale cell experiment, bovine serum albumin (BSA) was used to observe the
amount of protein adsorbed on each scaffold. From the results of the experiment, the higher
the GO concentration, the higher the absorbance at 570 nm. With a higher concentration
of GO, the protein adhesion increases and is expected to help cell adhesion. Next, the
adhesion and proliferation of PDLSCs were observed using the WST-1 assay. There was no
significant difference in the proliferation results on days 1 and 3; however, cell proliferation
slightly increased in the scaffolds coated with 0.125 mg/mL of GO on day 7. In addition,
the cell proliferation observed through ICC showed that more cytoskeleton and nuclei
were present on the GO-coated scaffolds’ surface. Therefore, the GO-coated scaffolds had
no cytotoxicity.

Finally, we tried to indirectly confirm the osteogenic differentiation effect through the
corresponding scaffolds using alizarin red S staining. By differentiating the cells for 10
and 20 days, calcium deposition increased by 60% in the experimental group coated with
the 0.5 mg/mL GO solution. This indirectly confirmed that the osteogenic differentiation
capacity of the GO-coated scaffolds was increased.

When the above results are summarized, the coating technique we devised can help
bone regeneration by increasing osteogenic differentiation. The new GO coating method
using the oxygen plasma treatment improves the differentiation capacity of stem cells,
while reducing the amount of GO used. Thus, the regeneration potential of periodontal
tissue using stem cells in the scaffolds was confirmed. In addition, the regeneration of
bone tissue among periodontal tissues was confirmed. We developed the scaffold for
the regeneration of periodontal tissue, which is complex tissue consisting of fibroblasts,
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cementoblasts, osteoblasts, and undifferentiated mesenchymal stem cells. Several studies
investigated the regeneration of periodontal ligament tissue, since it has complex structure
and function. Nagata et al. (2017) conducted a study to regenerate periodontal ligaments
using mesenchymal stem cells (MSCs) [38], and Mahetab et al. (2020) conducted a study
on regenerating gingival fibroblast tissue using a collagen membrane [39]. Zimina et al.
(2020) investigated composites containing a biodegradable matrix and bioactive fillers
for restoring maxillofacial defects [12]. Our study focused on enhancing the formation of
the calcified matrix of PDLSCs, which plays a vital role when the periodontal ligament is
combined with the alveolar bone or cementum tissue. Thus, complex periodontal tissue
regeneration using PDLSCs could be possible through future research on the regeneration
of complex tissues, such as ligaments, gingiva, and bone tissue.

5. Conclusions

The objectives of this research were to develop a scaffold with GO coating to improve
the bioactivity and osteogenic differentiation ability. Among the experimental groups, the
plasma-treated and GO-coated scaffolds showed an improved osteogenic differentiation
ability compared to the untreated group or plasma-treated group. In particular, the 0.5
mg/mL P-GO scaffolds showed better osteogenic differentiation ability than the other
P-GO scaffolds. The results of this study showed that the P-GO scaffolds improved
osteoconductivity. Although we conducted a study on osteogenic differentiation of PDLSCs,
which is a basic part of periodontal tissue regeneration, it can be developed as one of the
key technologies in advanced complex tissue regeneration if further research is investigated
in the future.
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