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Abstract Objective Scaffolds provided a surface on which cells could attach, proliferate, and
differentiate. Nowadays, bone tissue engineering offers hope for treating bone cancer. Poly
(e-caprolactone) (PCL)/graphene have capability as an osteogenic and regenerative therapy. It
could be used to produce bone tissue engineering scaffolds. The purpose of this study was to
investigate the ability of PCL/graphene to enhance the osteoinductive mechanism.
Materials and Methods The PCL/graphene scaffold was developed utilizing a partic-
ulate-leaching process and cultured with osteoblast-like cells MG63 at 0.5, 1.5, and
2.5wt% of graphene. We evaluated the porosity, pore size, migratory cells, and cell
attachment of the scaffold.
Statistical Analysis Data was expressed as themean� standard error of themean and
statistical analyses were performed using one-way analysis of variance and Tukey’s post
hoc at a level of p-value<0.05.
Results Porosity of scaffold with various percentage of graphene was nonsignificant
(p>0.05). Thereweredifferences in the acceleration of cellmigration followingwound closure
between groups at 24hours (p< 0.01) and 48hours (p<0.00). Adding the graphene on the
scaffolds enhancedmigration of osteoblast cells culture and possibility to attach. Graphene on
2.5wt% exhibited good characteristics over other concentrations.
Conclusion This finding suggests that PCL/graphene composites may have potential
applications in bone tissue engineering.
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Introduction

Typically, bone reconstruction or regeneration requires the
use of a biocompatibility scaffold with a porous structure.
The scaffold should possess sufficient strength to support the
injured bone in place. A scaffold is generally able to control
the proliferation of cells that have migrated from surround-
ing tissue or been seeded inside the porous surface of the
scaffold. Therefore, the scaffold’s pore and pore interconnec-
tivity contribute to cell adhesion and proliferation, as well as
to the transport of nutrients and oxygen throughout the
three-dimensional (3D) constructs.1,2

Previous studies have reported that scaffolds for bone
repair must be biodegradable, biocompatible, porous, and
have strong interconnectivity between pores for the cells to
adhesion, proliferation, and differentiation.3,4 Therefore,
physical properties like porosity and pore size are important
characteristic for the good scaffolds. On the one hand, a high
porosity enhances water and nutrient absorption while
decreasing mechanical characteristics. Hence, a suitable
scaffold’s porosity should be comparable to that of bone,
such as cancellous bone (79.3). On the other hand, the pore
size should regulate the growth of cells that have migrated
from the surrounding tissue, which is suitable for cell growth
and supporting cell activities such as nutrient uptake and
waste processing.5–7

Poly (e – caprolactone) (PCL) is one of the materials
meeting these characteristics. In recent years, PCL has
been utilized as a biomedical scaffold due to its biodegrad-
able and biocompatible properties. However, this material’s
poor mechanical qualities and pore size, limit its use in bone
engineering.2,6 Therefore, it needs filler that can improve the
scaffold’s properties.8,9

Graphene, a new allotrope of carbon, is characterized as a
two-dimensional honeycomb lattice composed of carbon
atoms in monolayers. Graphene and its derivatives have
garnered considerable attention in the field of materials
research since graphene has no visible toxicity and exhibits
high biocompatibility. Indeed, in vitro experiments have dem-
onstrated graphene’s capacity to promote osteoblast prolifer-
ation and enhance their differentiation into mature
osteoblasts. Thus, graphene is a promising material for en-
hancing the bioviability and bioactivity of synthetic scaffolds,
especially in cooperation with polymer, such as PCL.9–11

Not only are physical properties an important thing for a
good scaffold, but the ability of cells to migrate is important
too in avarietyof physiological andpathological processes. In
vitro cell migration can be studied using the wound healing
test (scratch assay), which is a straightforward approach.12

This method is based on the finding that when an artificial
gap is made in a confluent cell monolayer, the cells on the
edge of the gap begin to migrate until new cell-cell con-
nections are formed.13,14 The migratory and differentiation
processes of cells are crucial for tissue engineering and
regenerative medicine. Recently, the majority of efforts
have been directed toward controlling cell destiny via ma-
nipulation of biophysical or pharmacological inputs.15

Chemical cues like ligands, extracellular matrix (ECM) pro-

teins, and biomolecules have all been shown to influence cell
activity on chemically changed surfaces.16

The purpose of this study was to disclose the physico-
chemical behavior of PCL and graphene at varied concen-
trations (0.5, 1.5, and 2.5wt%) on osteoblast-like cells MG-63
in determining which concentrations to enhance the
osteoinductive mechanism.

Materials and Methods

Fabrication of PCL/Graphene Scaffold
3D porous scaffolds weremanufactured in this study employ-
ing a solvent casting/particulate leaching process. The PCL (Mn

80,000) fromSigma-Aldrich (St. Louis,Missouri, United States)
wasusedas thematrixmaterial andnatriumchloride (NaCl) as
the porogen (Sigma-Aldrich). Graphene was produced by
heating a graphite intercalation compound to 700°C in a
common furnace, positioned in front of a fume closet to avoid
inhalation of the nanoparticles, and leaving it there for 60 sec-
onds. These layersgrewbyultrasonicationprocess, resulting in
graphene dispersion in the solvent. For 12hours at room
temperature, PCL was dissolved in chloroform in a 1:10 w/v
ratio. The PCL solution was then added to the NaCl and
graphene solutions and stirred for 2hours with a magnetic
stirrer. The blended solution was poured into a mold and
allowed to dry at room temperature for 1 day. Chloroform
residueswere eliminated during a 24-hour period in avacuum
oven set to 37°C. The PCL/graphene scaffolds were immersed
in deionized (DI) water for 24hours to eliminate the porogen,
with theDIwaterbeing replacedevery2hours throughout this
time period. The PCL/graphene scaffold was then dried in a
vacuum oven set to 50°C for 12hours. Finally, a porous
PCL/graphene-blended scaffold was developed.16 We synthe-
sized porous scaffolds PCL containing graphene at concentra-
tions of 0.5, 1.5, and 2.5wt%. The PCL/graphene is
manufactured in a 10�10�20mm3 format (►Fig. 1).

Porosity
Dried scaffolds were immersed in absolute ethanol for
2 hours and weighed after excess ethanol on the surface
was blotted. The porosity was calculated using equation5,6:

where M1 and M2 are the mass of scaffolds before and after
soaking in absolute ethanol, respectively; ρ is the density of
absolute ethanol, and V is the volume of the scaffolds.

Pore Distribution
A scanning electron microscope (SEM; Hitachi SU3500) was
used to observe samples of 3D porous scaffolds. Gold was
sputtered onto samples using a sputter coater in a vacuum
chamber and then observed. Then, using Image J software,
the SEM picture was analyzed to determine the pore size.5,6

Scratch Wound Assay (Migration)
The osteoblast-like cells MG-63 were cultured in 12-well
plates. Around 3�104 cells were seeded into each well and
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allowed to reach 90% confluency. Using a 200-μL tip, the cell
monolayers were scratched and rinsed with phosphate-
buffered saline (PBS) to remove detached cells and other
debris. Three representative images from each of the
scratched areas were photographed to estimate the relative
migration of cells. The migration cell (scratch assay) was
analyzed using inverted microscope (IX73, Olympus, Japan),
in 100�magnification, and has been processed using Gen 5.0
software. The distance between the two edges of the wound
siteswas detected at 24 and 48hours and analyzed by Image J
software. Wound closure was calculated using the
equatioon17:

Cell Culture and Morphology
Osteoblast-like cells MG-63 were seeded onto PCL/graphene
scaffolds to examine cell adherence and growth character-
istics at various graphene weight ratios. First, osteoblast-like
cells MG-63 were grown in Dulbecco’s Modified Eagle Medi-
um (Gibco)with 10% fetal bovine serum (Sigma, 12106C) and
1% penicillin (Gibco, 15140122). Cells were cultured in T75
flasks (37°C with 5% CO2) in a cell culture incubator, and the
mediawas replenished every 2 to 3 days. Each sample used in
the cell culture was 10�10�2mm3 in size. Sterilization of

sampleswas accomplished by soaking themovernight in 95%
ethanol and then washing them twice with PBS (Gibco) to
eliminate residual ethanol. After that, samples were trans-
ferred to 24-well plates. Cells were detached using 0.25%
trypsin-ethylenediaminetetraacetic acid (Gibco) and each
sample was seeded with 0.5mL of a cell suspension at a
concentration of 104 cells/mL in 24-well tissue culture plates.
For 21 days, the 24-well plates were incubated in a cell
culture incubator. Throughout this period, the medium was
renewed every 2 to 3 days. On days 7 and 21, samples were
withdrawn to observe the results of cell culture. A SEM was
used to determine the cell morphology.16

Statistical Analysis
Data was expressed as the mean� standard error of the
mean and statistical analyses were performed using one-
way analysis of variance and Tukey’s post hoc test to deter-
mine the relevant data differences using SPSS version 21.0
software (SPSS, USA). Significant differences between groups
were determined at a level of p-value<0.05.

Results

Porosity and Pore Size of Scaffold
Physical properties, like as porosity and pore size are critical
in determining the scaffold’s quality. In this study, the
porosity of PCL incorporated with various concentration of
graphene had been similar with each other. PCL has porosity
88% (�1.5). The porosities of the PCL/graphene scaffoldswith
0.5, 1.5, and 2.5wt% were 88 (�1.2), 87 (�0.9), and 89 (�2.1)
respectively (►Fig. 2). This finding was closed to porosity of
cancellous bone (average 79.3%).5,7

Pore distribution was determined by a SEM (►Fig. 3A). It
showed the porous size of these scaffolds ranged from 0 to
500 μm. The scaffoldwith a graphene concentration of 0.5wt
% has a pore size of 0 to 50 μm larger than others and PCL has
a pore size of 400 to 450 μm larger than others, while the
scaffold with a graphene concentration of 2.5wt% has a pore
size of 51 to 100, 101 to 150, 151 to 200, 201 to 250, 251 to
300, 301 to 350, 351 to 400, and 451 to 500 μm larger than
PCL 0.5 and 1.5wt% of graphene (►Fig. 3B).

Migration Enhancing of PCL/Graphene Composite to
Osteoblast-Like Cell
To evaluate the osteoblast-like cells MG63 migration re-
sponse, the cells were exposed to different graphene con-
centrations (0.5, 1.5, and 2.5wt%) and allowed to migrate for
24 and 48hours. Using awound healing assay, we observed a
graphene’s concentration-dependent effect on osteoblast-
like cells MG63 migration. The microscopic figure has to be
analyzed to obtain information about the migration charac-
teristics of the cultured cells. This could be accomplished
manually by measuring the surface area and gap distance
using image processing software such as Image J (►Table 1).
The data show that the closest 0 µm gap between cells can be
achieved on PCL/graphene 0.5 to 2.5wt% composite at
48 hours. The farthest cell spacing was found using
PCL/graphene 0.5wt%.

Fig. 1 Scaffold fabrication. Group of poly(e-caprolactone) (PCL)
without graphene (PCL); Group of PCL containing graphene at con-
centrations of 0.5 wt% (0.5 wt%G); Group of PCL containing graphene
at concentrations 1.5 wt% (1.5 wt%G); Group of PCL containing gra-
phene at concentrations of 2.5 wt% (2.5 wt%G). (A) PCL/graphene
scaffold 10� 10� 2mm3 in size. (B) PCL/graphene scaffold 1� 1� 2
mm3 in size.
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The condition of 100% cell confluence was utilized to get
the signal that the scratch defect had been completely closed.
When treated with 2.5wt% graphene, osteoblast-like cells
MG63 showed nearly full closure of the scratch site within

48 hours, compared with the other treatments. As a result, a
statistically significant increase in responsiveness was
detected at 2.5wt% graphene concentrations when com-
pared with the others concentration and control (►Fig. 4).

Cell Adherence on PCL/Graphene Scaffolds
Cells cultured on PCL and PCL/graphene scaffolds were
obtained by SEM on days 7 and 14 (►Fig. 5). It demonstrated
cells adhering to and multiplying within the pore, where
each cell has a long filopodia that acts as a signaling pathway
between the cells. On day 7, it was discovered that cells had
adhered, proliferated, and early differentiated in cell culture.
They were round in shape (in PCL with 1.5 and 2.5wt%
graphene), whereas PCL and 0.5wt% graphene were flat
and elongated. On day 21, differentiation revealed that the
majority of cells on the scaffold had spherical forms. In other
words, it showed how graphene changes more quickly when
there is more graphene than when there is no graphene.

Discussion

The total porosity of the scaffolds wasmeasured in this study
using the liquid displacement method. The constructions
were more than 85% porous in total. When compared with
cancellous bone (which have an average porosity of 79.3%),
the porosity of the scaffolds is optimal since it promotes bone
ingrowth without reducing mechanical qualities such as
strength.7,8

Fig. 2 Porosity of scaffold with various percentage of graphene; ns,
nonsignificance (p> 0.05). Group of poly(e-caprolactone) (PCL)
without graphene (PCL); Group of PCL containing graphene at con-
centrations of 0.5 wt% (0.5 wt%G); Group of PCL containing graphene
at concentrations 1.5 wt% (1.5 wt%G); Group of PCL containing gra-
phene at concentrations of 2.5 wt% (2.5 wt%G).

Fig. 3 Morphology and pore distribution of poly(e-caprolactone) (PCL) and PCL/graphene analysis by scanning electron microscope (SEM).
Group of PCL without graphene (PCL); Group of PCL containing graphene at concentrations of 0.5 wt% (0.5 wt%G); Group of PCL containing
graphene at concentrations 1.5 wt% (1.5 wt%G); Group of PCL containing graphene at concentrations of 2.5 wt% (2.5 wt%G). (A) Pore
distribution was determined by a scanning electron microscope. (B) Pore distribution of scaffold.
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A variety of scaffolds made from different biomaterials
and constructed utilizing a variety of fabrication techniques
were used. Biocompatibility, biodegradability, mechanical
qualities, scaffold architecture, and manufacturing tech-
nique are all key factors to consider when creating or
establishing the appropriateness of a scaffold for use in tissue
engineering. In a successful tissue engineering technique,
these properties are deciding criteria when selecting a
biomaterial.18

Pore size, along with porosity, is an essential physical
property for cell adhesion, gas diffusion, and the delivery of
nutrients andwastes. In general, it has been noted that while
the scaffold’s large pore size or porosity promotes effective
nutrition supply, gas transport, and metabolic waste dispos-
al, it results in low cell attachment and intracellular signal-
ing. While a small pore size or porosity may have the
opposite effect, the optimal pore size is in the diameter
range of 100 to 500 μm, which is thought to stimulate
osteogenesis and angiogenesis due to the size of osteoblasts,
which is approximately 10 to 50 μm.9,12,19

Cell migration and proliferation are required for a range of
physiological and pathological processes, including wound
healing,20 revascularization, cartilage regeneration, and bone
regeneration.21,22Cellmigration can be induced by biochemical

and biophysical cues such as the mechanical properties of
matrix, peptides, and growth factors in an immobilized and
free form, respectively, which are referred to as mechanotaxis,
haptotaxis, and chemotaxis.23 Two types of biomaterials of PCL
and graphene have been used to facilitate cell migration; one is
scaffolds, which have a predetermined architecture, however
cell infiltration ismoredifficultwith scaffolds.24Weassessedan
enhancement of osteoblast migration by adding graphene
starting on 24hours, and closure of the scratch completely
within 48hours in comparison to the group of PCL. Adding
graphene promoted osteoblast migration better than without
graphene group, and in the future, it will have a greater impact
on bone tissue regeneration applications. This is in accordance
with a recent study by Du et al.25

Because of their osteoinductive properties and antibacte-
rial activity, graphene-based materials (GMs) have a bright
future in bone tissue engineering. The GMs trigger osteo-
genic differentiation via a variety of mechanisms and routes.
To begin with, mechanical stimulation from the porous folds
of graphene or graphene oxide can launch a cascade of
processes that enhance osteogenic development without
the need of chemical inducers. In addition, GMs regulate
osteogenesis through the ECM, macrophage polarization
modulation, the oncostatin M signaling route, the

Table 1 Cell migration at 0, 24, and 48 hours in the closure defect

Groups The shortest distance
(µm)

The longest distance
(µm)

Closure defect
(µm2)

p-Valuea

0 h 24 h 48 h 0 h 24 h 48 h 0 h 24 h 48 h 24 h 48 h

PCL 165.0 53.9 24.1 323.9 323.9 237.7 668.1 587.7 402.4 0.01 0.00

PCL/Graphene 0.5 28.2 0 316.0 303.4 482.1 340.6

PCL/Graphene 1.5 236.9 0 191.7 132.7 236.9 106.4

PCL/Graphene 2.5 278.5 0 262.1 81.1 278.6 23.4

Abbreviation: PCL, poly(e-caprolactone).
aThere was a significant difference between groups in the area of closure defect on 24 hours (p¼ 0.01) and 48 hours (p¼ 0.00).

Fig. 4 The effectiveness of the poly(e-caprolactone) (PCL)/graphene composite was measured by migration cell (scratch assay) using inverted
microscope (IX73, Olympus, Japan), 100� magnification. Group of PCL without graphene (PCL); Group of PCL containing graphene at
concentrations of 0.5 wt% (0.5 wt%G); Group of PCL containing graphene at concentrations 1.5 wt% (1.5 wt%G); Group of PCL containing
graphene at concentrations of 2.5 wt% (2.5 wt%G).
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mitogen–activated protein kinase signaling network, the
bone morphogenetic protein signaling pathway, the Wnt/-
catenin signaling pathway, and other pathways.26

SEM images demonstrate cell attachment, proliferation,
and differentiation. It demonstrated that osteoblast-like cells
could adhere to, proliferate, and differentiate on the scaffold
surface.27 The proliferation of the cells was regulated by
actin. It stimulates signal transduction and cell division.
Myosin proteins interact with actin filaments to produce
two distinct forms of movement.28,29 To begin, myosin
generates force between actin filaments, causing contrac-
tions that pull the rear of moving cells up, pinching cells in
half, and reshaping them into tissues.30 Muscle cells are
contracted using a similar manner. Second, myosin associat-
ed with subcellular organelles and macromolecular protein
and ribonucleic acid complexes transports these cargos over
small distances along actin filaments.31,32

The rapidly expanding science of tissue engineering for
dental tissues will undoubtedly result in a dramatic shift in
the availability of novel items for practitioners to employon a
daily basis. When implanted on the side of an injury, a

scaffold material should strive for endogenous cell repopu-
lation as well as recipient remodeling.

Conclusion

PCL/graphene compositesmay have potential applications as
novel bone tissue engineering. The porosity and pore size
were suitable to induce osteogenesis and angiogenesis, and
also stimulated osteoblast migration by adding graphene
start from 24hours.

Authors’ Contributions
H.S.B. reports all support for study design, collection of
data, data analysis/interpretation, writing of the manu-
script, and revision of the manuscript.
S.A. reports all support for data analysis/interpretation,
writing of themanuscript, and revision of themanuscript.
N.A.S. reports support for collection of data andwriting of
the manuscript.
Y.-K.S. reports all support for study design, writing of the
manuscript, and revision of the manuscript.
M.T. reports all support for data analysis/interpretation
and writing of the manuscript.

Conflict of Interest
H.S.B. reports grants or contracts from Universitas Air-
langga (supporting the funding).

Acknowledgments
We would like thank the Dean of Faculty Dental Medicine
and Chancellor of Universitas Airlanggawho has funded this
research through the research grant program in Indonesia.

References
1 Cheng A, Schwartz Z, Kahn A, et al. Advances in porous scaffold

design for bone and cartilage tissue engineering and regenera-
tion. Tissue Eng Part B Rev 2019;25(01):14–29

2 Wang W, Huang B, Byun JJ, Bártolo P. Assessment of PCL/carbon
material scaffolds for bone regeneration. J Mech Behav Biomed
Mater 2019;93:52–60

3 Cheng X, Wan Q, Pei X. Graphene family materials in bone tissue
regeneration: perspectives and challenges. Nanoscale Res Lett
2018;13(01):289

4 Ren J, Zhang XG, Chen Y. Graphene accelerates osteoblast attach-
ment and biomineralization. Carbon Lett 2017;22:42–47

5 Wu DT, Munguia-Lopez JG, Cho YW, et al. Polymeric scaffolds for
dental, oral, and craniofacial regenerative medicine. Molecules
2021;26(22):7043

6 Zhang K, Fan Y, Dunne N, Li X. Effect of microporosity on scaffolds
for bone tissue engineering. Regen Biomater 2018;5(02):115–124

7 Secor EB, Santos MHD, Wallace SG, Bradshaw NP, Hersam MC.
Tailoring the porosity and microstructure of printed graphene
electrodes via polymer phase inversion. J Phys Chem C 2018;
122:13745–13750

8 Sattar T. Current reviewon synthesis, composites andmultifunction-
al properties of graphene. Top Curr Chem (Cham) 2019;377(02):10

9 Hutmacher DW. Scaffolds in tissue engineering bone and carti-
lage. Biomaterials 2000;21(24):2529–2543

10 Prasadh S, Suresh S, Wong R. Osteogenic potential of graphene in
bone tissue engineering scaffolds. Materials (Basel) 2018;11(08):
1430

Fig. 5 Osteoblast-like cells MG63 attachment to poly(e-caprolac-
tone) (PCL)/graphene scaffolds were observed using scanning elec-
tron microscope (SEM) (Hitachi SU3500). (A) PCL 7 days, (B) PCL
21 days, (C) 0.5 wt%G 7 days, (D) 0.5 wt%G 21 days, (E) 1.5 wt%G
7 days, (F) 1.5 wt%G 21 days, (G) 2.5 wt%G 7 days, and (H) 2.5 wt% G
21 days. Red arrow is osteoblast-like cells.

European Journal of Dentistry Vol. 17 No. 3/2023 © 2022. The Author(s).

Poly(E-Caprolactone)Graphene as Osteoinductive Properties Budi et al. 795



11 Cappiello F, Casciaro B, Mangoni ML. A novel in vitro wound
healing assay to evaluate cell migration. J Vis Exp 2018;(133):
56825

12 Grada A, Otero-Vinas M, Prieto-Castrillo F, Obagi Z, Falanga V.
Research techniques made simple: analysis of collective cell
migration using the wound healing assay. J Invest Dermatol
2017;137(02):e11–e16

13 Barateiro A, Fernandes A. Temporal oligodendrocyte lineage progres-
sion: invitromodels ofproliferation, differentiation andmyelination.
Biochim Biophys Acta 2014;1843(09):1917–1929

14 Fu X, Liu G, Halim A, Ju Y, Luo Q, Song AG. Mesenchymal stem cell
migration and tissue repair. Cells 2019;8(08):784

15 Cai S, Wu C, Yang W, Liang W, Yu H, Liu L. Recent advance in
surface modification for regulating cell adhesion and behaviors.
Nanotechnol Rev 2020;9(01):971–989

16 Huang HY, Fan FY, Shen YK, et al. 3D poly-ε-caprolactone/gra-
phene porous scaffolds for bone tissue engineering. Coll Surf A.
2020;606:1–9

17 Rötzer V, Hartlieb E, Winkler J, et al. Desmoglein 3-dependent
signaling regulates keratinocyte migration and wound healing. J
Invest Dermatol 2016;136(01):301–310

18 Silva MJ, Gonçalves CP, Galvão KM, D’Alpino PHP, Nascimento FD.
Synthesis and characterizations of a collagen-rich biomembrane
with potential for tissue-guided regeneration. Eur J Dent 2019;13
(03):295–302

19 Ouyang P, DongH, HeX, et al. Hydromechanicalmechanism behind
the effect of pore size of porous titanium scaffolds on osteoblast
response and bone ingrowth. Mater Des 2019;183:108151

20 Budi HS, Anitasari S, Ulfa NM, et al. Topical medicine potency of
Musa paradisiaca var. sapientum (L.) kuntze as oral gel for wound
healing: an in vitro, in vivo study. Eur J Dent 2022 Oct;16(04):
848–855

21 Zhu G, Zhang T, Chen M, et al. Bone physiological microenviron-
ment and healing mechanism: basis for future bone-tissue engi-
neering scaffolds. Bioact Mater 2021;6(11):4110–4140

22 Gonzalez AC, Costa TF, Andrade ZA, Medrado AR.Wound healing -
a literature review. An Bras Dermatol. 2016;91(05):614–620

23 Wen JH, Choi O, Taylor-Weiner H, et al. Haptotaxis is cell type
specific and limited by substrate adhesiveness. Cell Mol Bioeng
2015;8(04):530–542

24 Nikolova MP, Chavali MS. Recent advances in biomaterials for 3D
scaffolds: a review. Bioact Mater 2019;4:271–292

25 Du Z,Wang C, Zhang R,Wang X, Li X. Applications of graphene and
its derivatives in bone repair: advantages for promoting bone
formation and providing real-time detection, challenges and
future prospects. Int J Nanomedicine 2020;15:7523–7551

26 Wu M, Zou L, Jiang L, Zhao Z, Liu J. Osteoinductive and antimi-
crobial mechanisms of graphene-based materials for enhancing
bone tissue engineering. J Tissue Eng Regen Med 2021;15(11):
915–935

27 Aryaei A, Jayatissa AH, Jayasuriya AC. The effect of graphene
substrate on osteoblast cell adhesion and proliferation. J Biomed
Mater Res A 2014;102(09):3282–3290

28 Padilha Fontoura C, Ló Bertele P, Machado Rodrigues M, et al.
Comparative study of physicochemical properties and biocom-
patibility (L929 and MG63 Cells) of TiN coatings obtained by
plasma nitriding and thin film deposition. ACS Biomater Sci Eng
2021;7(08):3683–3695

29 Gibieža P, Petrikaitė V The regulation of actin dynamics during
cell division and malignancy. Am J Cancer Res 2021;11(09):
4050–4069

30 Tewari M, Pareek P, Kumar S. Correlating amino acid interaction
with graphene-based materials regulating cell function. J Indian
Inst Sci 2022;102:639–651

31 Matthews HK, Ganguli S, Plak K, et al. Oncogenic signaling alters
cell shape and mechanics to facilitate cell division under confine-
ment. Dev Cell 2020;52(05):563–573.e3

32 Moutzouri AG, Athanassiou GM. Insights into the alteration of
osteoblast mechanical properties upon adhesion on chitosan.
BioMed Res Int 2014;2014:740726

European Journal of Dentistry Vol. 17 No. 3/2023 © 2022. The Author(s).

Poly(E-Caprolactone)Graphene as Osteoinductive Properties Budi et al.796


