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Background: Graphene and its derivatives have recently gained popularity in the biomedi-
cal field. Previous studies have confirmed that both the mechanical strength and wear
resistance of graphene-containing polyethylene have been greatly improved. Therefore, it
is being considered as an alternative for artificial joint replacement liners. Based on the
literature, the wear debris generated from the traditional polymers used for orthopedic liners
could lead to particle-induced osteolysis and, consequently, failure of joint replacement.
However, the biological response of this novel graphene-based polymer is still unclear.
Therefore, the current study aimed to investigate the in vitro and in vivo biological effects
of graphene and graphene oxide (GO) particles on bone.

Materials and Methods: The biological responses of graphene and GO particles were
tested via in vitro and murine calvarial in vivo models. In the in vitro model, murine
macrophage cells were mixed with particles and hydrogel and printed into two differently
designed scaffolds; the induced proinflammatory cytokines were then tested. In the murine
in vivo model, the particle size distribution was measured via SEM, and these particles were
then administrated in the calvarial area, referring to our established model. A micro-CT and
histological analysis were performed to examine the biological effects of the particles on
bone health. The data were analyzed via the one-way analysis of variance to determine the
differences between the groups.

Results: Both graphene and GO induced significantly higher TNF-o and IL-6 secretion
compared with the control in the three-dimensional in vitro model. In the murine calvarial
in vivo test, the graphene and GO particles increased the bone mass compared with the sham
groups in the micro-CT analysis. Bone formation was also observed in the histological analysis.
Conclusion: In these in vivo and in vitro studies, the graphene and GO wear debris did not
seem to induce harmful biological response effect to bone. Bone formation around the skull
was observed in the calvarial model instead. Graphene-containing biomaterials could be
a suitable new material for application in orthopedic prostheses due to their benefit of
eliminating the risk of particle-induce osteolysis.
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Introduction

Joint replacement for the treatment of severe joint deformation caused by degen-
eration has become a common orthopedic surgery. The success rate after replace-
ment and the postoperative functional performance of patients are satisfactory.'~
However, wear deformation of the joint components or wear of the material can
induce osteolysis and aseptic loosening, resulting in failure after a long period of
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use. This problem is still an intractable clinical condition
in the orthopedics field.>* In particular, the issue regarding
the wear of ultra-high molecular weight polyethylene
(UHMWEPE) still needs to be overcome.

To improve the wear resistance of these materials,
scientists have developed highly crosslinked polyethylene
(HXLPE) through the alteration of process technology.’
Although the wear resistance has improved, the crosslink-
ing process leads to a decline in mechanical properties,
which is a major disadvantage.”® For the third generation
of orthopedic liners, to prevent oxidation and decline of
mechanical properties during the crosslinking process,
antioxidants such as vitamin E° and COVERNOX'® have
been added to HXLPE. Since antioxidant-incorporated
polyethylene was clinically introduced just a few years
ago, there have only been short-term clinical follow-up
studies thus far.'"'> Researchers are still looking for
more suitable materials to use for orthopedic liners.

Graphene is a novel material that has been gaining atten-
tion in the biomedical research industry in recent years.'?
Graphene and its derivatives are already used in biomedicine
for antibacterial, gene therapy, immunodiagnostic wafers,
image detection, and drug release carriers.'*'> Graphene is
a two-dimensional (2D) single-atom-thick sheet of sp’-
hybridized hexagonally arranged carbon atoms within
a carbon material structure.'® It has been demonstrated to
possess  various  properties  including  electrical
conductivity,'” high elasticity,'® high strength,'” and
flexibility.'® Meanwhile, graphene oxide (GO), a graphene
different
graphene.'® It has a mixed structure carrying various oxygen-

derivative, has electronic  structures from
containing functional groups such as the epoxy (>0O), hydro-
xyl (eOH), carbonyl (C=0), and carboxyl (-COOH)
groups.”*?! These functional groups allow different biomo-
lecules, including proteins, DNA, and RNA, to efficiently
attach to GO'® while also making it hydrophilic.*?

Due to their osteogenic and high mechanical character-
istics, different forms of graphene and GO have been used
in research for various purposes, including coating on
metal disks,”*** blending with polymers,”> and mixing
with polymer pellets to form three-dimensional (3D) scaf-
folds with 3D printers.?® There is also a novel form of
graphene called graphene foam; 3D graphene foam is
made via chemical vapor deposition processing. It has
been characterized as a new class of highly conductive
graphene-based materials with excellent mechanical
strength, flexibility, and elasticity. Furthermore, its high

. 27,2
surface area promotes cell adhesion and growth.?’~

However, Pang et al*’ tested the biosafety of graphene
and GO in vitro and in vivo. In their study, graphene and
GO nanoparticles were cocultured with rat PBMNCs for
24 hrs, and it was found that 500 pg/mL of GO reduced
the cell viability to only about 40%, while the survival rate
of cells cocultured with higher concentrations of graphene
(1,000 pg/mL) was only reduced to about 80%. To simu-
late the effect of orthopedic implants on the body, gra-
phene and GO nanoparticles were injected into mouse
skeletal muscle for 7 days. In the histology analysis, the
pure graphene particles had no obvious effects on the
skeletal muscle, while GO caused severe muscle atrophy
and necrosis. It has also been found that graphene can
induce cytotoxicity by lowering the mitochondrial mem-
brane potential and increasing intracellular reactive oxy-
gen species.’® However, it has a strong adsorption capacity
to adsorb serum protein and form protein inclusions, exhi-
biting a higher cytotoxicity compared with that of
graphene.'

With the latest manufacturing technology, after evenly
mixing GO powder with UHMWPE powder, GO-PE bars
can be cast at a high temperature and high pressure.”> The
results of various mechanical tests have shown that the
mechanical strength increases as the content of GO increases.
Compared with the tensile strength of conventional polyethy-
lene, the Young’s modulus, lodging strength, and ultimate
strength are increased from 601.32 + 27.81 MPa, 23.45 +
1.21 MPa, and 32.77 + 3.53, respectively, to 664.38 + 28.32
MPa, 24.57 £ 1.19 MPa, and 36.91 + 3.98 MPa, respectively.

Due to its high mechanical properties, GO could
become a candidate for the development of new materials
for artificial joint replacement liners. However, the biolo-
gical effects on bone of graphene or GO debris are still
unclear. In the current study, we use our previously estab-
lished in vivo mice calvarial osteolysis model to test the
effects of new biomaterial particles on the biological
response to the bone interface.*” This study aims to inves-
tigate the in vitro and in vivo effects of graphene and GO
particles via our previously developed 3D-printed in vitro

and mice calvarial in vivo osteolysis models.****

Materials and Methods

Particle Preparation

Graphene (AL-900394) and GO nanoparticles (AL-
795534) were purchased from Sigma-Aldrich (St. Louis,
MO, U.S.A.). Polystyrene (PS) particles (Polystyrene Latex
Spheres, 610-38) were purchased from Ted Pella, Inc. (CA,
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U.S.A.). Although polyethylene is the material used for
joint replacement inserts, PS particles were used for osteo-
lysis in the in vivo model.>> The mean particle size was
measured via scanning electron microscope (SEM;
HITACHI S-3500N, JAPAN) images, whereby 300 parti-
cles were randomly selected for measurement of their size
and aspect ratio.>® Their perimeter and long axis (particle
size) were measured by the SEM built-in software to deter-
mine the aspect ratio.

To avoid possible endotoxin effects, the particles were
washed with 75% ethanol, centrifuged for 45 min three
times, and then transferred to 95% ethanol before being
centrifuged another three times for 45 min, according to
our previous experience.’”** The endotoxin level of all
particles was tested via a limulus amebocyte lysate assay
Gel Clot Endotoxin Assay Kit,
GenScript, NJ, USA) to ensure an endotoxin level below
0.1 EU/mL for the in vitro model and below 0.25 EU/mL for
the animal experiment (according to the FDA’s published

kit (ToxinSensor™

guidelines for LAL testing).>” The particles were then sus-
pended in hyaluronic acid (HA) for animal surgery.

Cell Culture

The RAW264.7 murine monocytic/macrophagic cell line
(ATCC, TIB-71, Manassas, VA, USA) was used in the
current study. It has been used in osteolysis in vitro models
in many other studies.*®*® The cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 1% penicillin/streptomycin (Gibco) and
10% fetal bovine serum (Gibco) at 37°C in a humidified
incubator with 5% CO,. The cells were then harvested
using a 0.05% trypsin ethylenediaminetetraacetic acid
(EDTA) solution (Gibco) for 10 min and washed with
Dulbecco’s phosphate-buffered saline (PBS) (Gibco);
viable cells were counted using trypan blue dye exclusion
before seeding.

Cell Laden Hydrogel Preparation

Methylcellulose (MC) hydrogel was purchased from Hsintai
Integration Biomed Ltd. (Hsintai Integration Biomed Ltd.,
Hsinchu, Taiwan). It was used in cell sheet harvest systems
and bioengineered cardiac patches constructed from multi-
layered mesenchymal stem cells.***! The MC hydrogel has
been applied for 3D bioprinting cell system including of cell
sheet and cell spheroid production.*” In the current study, the
MC hydrogel was prepared by dissolving MC powder

(Sigma-Aldrich, M7027, 15Cps) into sterilized PBS (12%
w/v) and kept cool before use.

Distinct cells and GO were mixed with MC hydrogel
before being printed. The concentration of particles in the
MC hydrogel was 2 mg/mL. The murine macrophage cell
line RAW264.7 was seeded at 1.5%10° cell/well (structure)
and the graphene or GO particles at 2 pg/well (structure). All
control groups contained cells and MC hydrogel but no
particles.

Bioprinting of 3D Structures

Multiple layers of a 3D structure culture system were
printed by a modified 3D bioprinter. Two different 3D
structures, a grid and a honeycomb, were tested in this
model (Figure 1). The grid structure was a square of 6 mm
on all sides. The honeycomb structure was combined with
seven hexagons with a length of 2 mm. Both structures
were printed with five 2-mm-thick layers. The cells and
particles were mixed together with MC hydrogel before
being printed. A 2D control was performed in a 24-well
culture plate. The structures were cultured in a 12-well
plate with DMEM after being printed. All groups were
cultured for 72 hrs at 37°C in a 5% CO, incubator.

Assessment of Proinflammatory
Cytokines

Supernatants from the cell/particles culture were collected
after 72 hrs of culture. The concentrations of specific
cytokines (murine TNF-a and IL-6) were assayed using
commercially available enzyme-linked immunosorbent
assay kits (ELISA, PeproTech, Rocky Hill, NJ, USA for
TNF-o and Biolegend, San Diego, CA, USA for IL-6).

Animals and Surgical Treatment

The protocol for this experiment was approved by the
Institutional Animal Care and Use Committee of
MacKay Memorial Hospital, where the study was per-
formed. All animal procedures were performed by the
Guideline for the care and use of laboratory animals by
Council of Agriculture, Executive Yuan, Taipei, Taiwan.
A total of 24 eight-week-old C57BL/6J female mice were
purchased from the National Laboratory Animal Center,
Taipei, Taiwan, an AAALAC International certified bio-
technology company. The animals were kept in a room at
24°C and 50% humidity, with a 12 hr light/dark cycle
(light from 7:00 a.m. to 7:00 p.m.). These in vivo particle-

induced osteolysis calvarial experiments were established
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Figure | Images of in vitro 3D structures. (A) 3D-printed honeycomb structure; (B) simulated top view of honeycomb structure; (C) simulated side view of honeycomb
structure; (D) 3D-printed grid structure; (E) simulated top view of grid structure; (F) simulated side view of grid structure.

in our previous studies and used to determine the biologi-
cal effect of different novel biomaterial particles on cal-
varial bone.*’** The animals were randomly separated
into four groups: (1) sham group (n = 6) (underwent
sham surgery only); (2) PS particle group (n = 6); (3)
graphene group (G, n = 6); and (4) GO group (n = 6).
Moreover, HA was used as a carrier to keep the particle
solution within the incision after surgery. This carrier was
a consistent way to establish the murine calvarial osteoly-
sis model in our study. The PS, graphene, and GO particles
in HA with
a concentration of 1 mg particles/100 pL.**** The mice

were resuspended via ultrasonication

were anesthetized with 100 mg/kg Zoletil 50 and 10 mg/kg
Rompun by intraperitoneal injection. A 0.5 x 0.5-cm area
of the middle sagittal incision of the calvaria was exposed.
After removing the periosteum intact, the particle suspen-
sions were spread over the area with a 25-G needle, and
the incision was closed with sutures.>? All groups were
analyzed by micro-CT before surgery (zero weeks) and 2,

4, and 6-week postsurgery. All animals were sacrificed in
the sixth week of the treatment.

Micro-CT Imaging Analysis

The live animals were analyzed via micro-CT at 0, 2, and 4
weeks postsurgery by Micro-CT (Skyscan 1176 Bruker
Micro-CT, Kontich, Belgium). After 6-week postsurgery,
the calvarias with skin were fixed in 10% buffered for-
malin for 24 hrs and then transferred to 70% ethanol for
another 24 hrs before scan. The micro-CT was set in
a 2048 x 2048 pixel matrix. The 3D images were recon-
structed with a voxel size of 9 um. For quantitative ana-
lysis of particle-induced osteolysis, a spherical volume of
interest (VOI) of 5 mm in diameter was defined with the
bregma as the center to measure the differences in the
bone mineral density (BMD, mg/cc), ratio of bone volume
to tissue volume (BV/TV, %), and trabecular thickness
(Tb.Th) between each group.
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Histological Analysis

The calvarias were decalcificated in 10% EDTA for 2 weeks
and paraffin embedded. Five um thick sections of each
calvaria were taken from the sagittal plane centered over
the area of particle-induced osteolysis. The sections were
collected for hematoxylin and eosin staining as a general
overview to observe the pro-inflammation morphology of
the connective tissue. Masson trichrome staining was used
to identify fibrous tissue and new bone formation. Tartrate-
resistant acid phosphatase (TRAP) staining was performed
using a commercial TRAP kit (#386A, Sigma-Aldrich). The
number of osteoclasts was determined via counting the num-
ber of TRAP-positive multinucleated cells by two co-authors
that were blinded to the data.

Statistical Analysis

The data were first analyzed with a normality test and showed
a normal distribution. Then, they were analyzed by the one-
way analysis of variance to determine the differences
between the groups. Multiple comparisons were adjusted
with a Bonferroni posthoc test. The results were reported as
mean + standard deviation (SD). A p-value less than 0.05 was
considered significantly different.

Results
Particle Morphology

The graphene nanoplatelets were 1.18 + 0.62 um (mean
size) and 1.44 + 0.35 (aspect ratio). The PS particles were
1.03 + 0.04 pm (mean size) and 0.99 £ 0.03 (aspect ratio)
(Figure 2).

Cell Response to Graphene and GO in

3D Osteolysis in vitro Model

Both graphene and GO induced significantly higher TNF-a
and IL-6 secretion compared with the control in the 3D
in vitro model (Figure 3). The graphene group cultured in
the 3D model was approximately 0.6-2.8 folds and
1.4-2.6 folds elevated of TNF-o and IL-6 compared with
those of 3D control structure, respectively. The GO group
cultured in the 3D model was approximately 1.7-3.9 folds
and 1.3-5 folds elevated of TNF-a and IL-6 compared
with those of 3D control structure, respectively.

Micro-CT Imaging Analysis

An in vivo micro-CT analysis was performed on the mice
to track whether the graphene family particles induced
osteolysis during the preoperative (0 weeks) and two,

four, and six weeks postoperative periods. The reconstruc-
tion of the calvaria images by 3D view showed that the
G group had no obvious osteolysis reaction in weeks four
and six (Figure 4A). The GO group had pits on the
calvaria at week 2, but the pits decreased at week 4 and
new bone formation was observed. Six weeks after the
surgery, the bone formation in the GO group was more
obvious than that in the other groups.

The comparison of the BMD results showed that the
graphene family significantly increased the BMD value com-
pared with the sham group at 2 and 4 weeks after the surgery
(week two: 0.033 £ 0.012, week four: 0.035 + 0.011). The
G group increased the BMD by 103% and 138% in week two
(0.067 £+ 0.023) and week 4 (0.081 + 0.022) (Figure 4B),
respectively, while the GO group only increased it by 45%
and 51% in week two (0.048 + 0.012) and week 4 (0.053 +
0.017), respectively. The ABV/TV results were similar to
those of ABMD; the BV was significantly increased in the
G group (week two: 4.14 £+ 0.94, week four: 5.26 + 1.24) and
GO group (week two: 4.14 + 0.94, week 4: 5.26 £ 1.24)
compared with the sham group (week two: 1.71 + 0.60, week
four: 2.34 + 1.56) (Figure 4B). The G group increased the
ABV/TV by 142% and 125% in week two and week four,
respectively, while the GO group increased it by 78% and
137% in week two and week four, respectively. The G group
also significantly increased the value of ATb.Th (Figure 4B)
by 181% in week two (0.031 £ 0.007) and 100% in week four
(0.034 £+ 0.006) compared with the sham group (week two:
0.012 + 0.003, week 4: 0.017 £ 0.009). The GO group
increased it by 91% in week two (0.021 + 0.004) and 71%
in week 4 (0.029 + 0.004) compared with the sham group.

Histological Analysis

HE Staining

The HE staining was used to evaluate the changes of bone
tissue type and soft tissue (Figure 5). The results at the sixth
week showed that typical osteolysis thickened the fibrous
tissue in the presence of PS particle and that the morphology
changed after engulfing the particles. The results of the
G group were similar to those of the PS group, wherein
the graphene and GO particles were located within the cell,
and multinuclear giant cells were observed to be distributed
around the soft tissue (at the arrow).

Masson Trichrome Staining

Fibrous tissue and bone formation (new bone above the
dotted line) were observed with Masson trichrome staining
(Figure 6). The results were similar to those of the HE
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Figure 2 SEM of sub-micrometer particles. (A) Graphene; (B) GO; (C) PS. Note that as the shape of GO is a one-atom-thick sheet, it is hard to determine its mean size and

aspect ratio via SEM observation.
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Figure 3 Cytokine secretion of cell treated with graphene or GO in different 2D/3D structures. (A) TNF-g; (B) IL-6 (mean % SD, *p < 0.05, **p < 0.001).

staining. In the bone tissue part, the PS group showed less
obvious new bone formation, and the surface of the skull
bone was affected by osteolysis and formed cavities. The
staining results showed that the G group had obvious new
bone formation compared with the GO group. The overall

shape of the new bone in the G group was relatively flat,
while that of the GO group was more irregular. The GO
group had a large cavity and a thinner cavity, and it was
observed that the aggregated GO particles were sur-
rounded by newly formed fibrous tissue and bone.
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Figure 4 Micro-CT imaging analysis of murine calvarial model treated with different particles. (A) Reconstructed image of whole skull and VOI with the midline suture of the skull.
The VOl is defined with a diameter of 5 mm. (B) Bone resorption parameter quantified by micro-CT in calvarial tissues (mean % SD, *p < 0.05, *p < 0.01, **p < 0.001).

TRAP Staining

The observation and calculation of the osteoclast numbers
with TRAP staining showed that the osteoclast numbers of
the PS (45.2 £ 10.8) and G groups (54.4 = 19.1) had an
increasing trend compared with that of the sham group
(31.3 + 13.1), but there was no significant difference in
any group (Figure 7). The osteoclast number in the GO
group (34.4 + 21.8) was no different from that of the sham

group.

Discussion
Graphene and its derivatives are novel materials that have
been used in various fields in recent years, including the

biomedical,16 chemical,43 and industrial** fields. Due to their
excellent mechanical properties, graphene and GO could be
incorporated as new materials in artificial joint replacement
liners. However, if graphene- and GO-containing implants are
used in weight-bearing parts, there could be debris generated
by heavy cyclic loading. Whether the debris of graphene and
GO affects the human body is an important question that
needs to be thoroughly evaluated. Therefore, this study
applied well developed in vitro and in vivo osteolysis models
to test whether the debris of graphene and GO has any harmful
effects in inducing osteolysis.

The results of the in vitro study showed that graphene and
GO induced an inflammatory response in the 3D in vitro
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PS particle

Graphene

Figure 5 Photomicrograph of hematoxylin and eosin staining in murine calvarial tissues (arrow: multinucleated giant cells).

osteolysis model. These results did not appear to match the
in vivo results that indicated that graphene and GO induce
osteogenesis rather than osteolysis. However, recent research
works have indicated that the inflammatory reaction is essen-
tial to achieve bone formation.*>*® Research has shown that
GO activates macrophage toward the M1 phase through the
activation of the OSM signaling pathway, which is beneficial
for osteogenesis.*” Macrophages are activated to the M1
proinflammatory phase for 72 hrs before turning to the M2
anti-inflammatory phase to promote osteogenesis.*® This
mechanism might be able to explain why graphene and GO
induced inflammation at 72 hrs.

In our previous study, we used the same mice calvarial
osteolysis model to test the effects of new biomaterial
particles  of biomaterials

contemporary  orthopedic

UHMWPE, HXLPE, and VEPE (HXLPE with vitamin
E) on the biological responses to the bone interface.’
The results indicated that the particles from all the poly-
mers had harmful effects on the calvarial bone, and
HXLPE displayed the strongest bone resorption in the
micro-CT and histology analysis.>? However, the graphene
and GO particles appeared to have promising effects on
the bone formation, and no osteolytic defects were
observed in these calvarial models. The results of the
in vivo model showed that the BMD, Tb, Th, and ratio
of BV were increased in the G and GO groups and slightly
decreased in the PS group compared with the sham group.
In the histological analysis of the Masson Trichrome stain-
ing, new bone formation was observed in both the G and
GO groups. Both the micro-CT and histological results
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Sham

PS particle

Graphene

Graphene Oxide!

Figure 6 Photomicrograph of Masson trichrome staining in murine calvarial tissues (fibrous tissue: blue; bone: red and blue).

indicated that graphene and GO might have the potential
to promote osteogenesis rather than induce osteolysis.
Other research studies regarding the osteogenic
effects of graphene and its derivates have shown similar
results. Cell proliferation and osteogenic markers were

significantly increased in MG63 and MC3T3 cell lines
cultured on graphene- and GO-coated Ti disks.”*** The
researchers used a chitosan cell scaffold containing
0.25% GO to fill a 3-mm bone defect in a rat tibia
bone defect model for 2 weeks. The results showed
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Figure 7 (A) Photomicrograph of TRAP staining in murine calvarial tissues, with osteoclast aggregation indicated by arrows. TRAP immunohistochemistry shows purple-
stained TRAP + positive osteoclasts. (B) Average number of osteoclasts from each group is presented as the mean * SD.

that GO might have osteogenic effects.*” In a mouse
calvarial bone defect model, a chitosan scaffold with
3% GO showed significantly higher osteogenic effects
than that with a lower concentration (0.5%).°® After 18
weeks of implantation of the calvarial bone defect, the
group with the chitosan scaffold with 3% GO showed
60% new bone formation, significantly higher than that
of the 0.5% GO group (30%) and control chitosan scaf-
fold group (10%).

In addition to their osteogenic effects, graphene and its

44,51

derivates show great promise as biosensors, antibacter-

335 and tissue engineer

ial agents,’>>® bioimaging tools,
components.>® The results from our animal study showed
that graphene and GO might be promising candidates for
novel orthopedic materials. A possible reason for this might
concern their surface properties, such as the surface charge
of the particles, which plays an important role in their
effects on cell behavior.’”*® Their high surface area also
helps promote cell adhesion and growth.?”-*®

This study had some limitations. First, it used a particle-
induced murine calvarial osteolysis model, though osteoly-
sis often occurs in proximity to prostheses. Thus, the
observed effects may not strictly conform to clinical condi-
tions. However, such models are widely used in osteolysis
evaluations and are useful for assessing the effects of

different materials on the osteolytic response.’” It was
hard to obtain quantitative results from the histological
analysis of the animal model HE and TRAP staining.
Thus, the current study used micro-CT to quantify the
differences of bone mass among the groups. Second, in
a real-life scenario, the wear debris should contain both
polymer and graphene/GO. However, the current study
used pure graphene and GO particles to determine the
biological response, as the optimized percentage of gra-
phene- and GO-containing polymers for medical use in
the future is unknown. According to previous studies, poly-
mers used in the orthopedic field, including polyethylene
and PS debris, have been shown to induce osteolysis.***>
The current study used 1 mg of pristine graphene and GO
particles, ie, the same amount we used in our previous
study.*>** We found that these submicron-sized particles
did not induce any osteolytic pores on the calvarias. Further
tribology analyses of polymer-containing graphene or GO
would be helpful to obtain the real-size distribution. Finally,
the in vitro tests were only 72 hrs long; if the tests had been
extended for a longer period, osteogenic effects might have
been observed. Thus, the 3D culture system might need to
be adjusted for a longer culture time in the future. Aside
from the above limitations, the current results demonstrate
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that graphene and GO particles do not have adverse effects
on bone.

Conclusion

In the murine calvarial osteolysis model studied here, the
submicron-sized particles of graphene and GO had no
adverse effect on the bone. In addition to being incorporated
into orthopedic liners, they can be expected to be applied in
other fields due to their potential benefit of osteogenesis.
However, further biological and biomechanical characteris-
tics of the particles should be determined to ensure their
safety and effectiveness before marketing.
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