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ne oxide-incorporated calcium
phosphate cements with pulsed electromagnetic
fields for bone regeneration†
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Natural calcium phosphate cements (CPCs) derived from sintered animal bone have been investigated to

treat bone defects, but their low mechanical strength remains a critical limitation. Graphene improves

the mechanical properties of scaffolds and promotes higher osteoinduction. To this end, reduced

graphene oxide-incorporated natural calcium phosphate cements (RGO-CPCs) are fabricated for

reinforcement of CPCs' characteristics. Pulsed electromagnetic fields (PEMFs) were additionally applied

to RGO-CPCs to promote osteogenic differentiation ability. The fabricated RGO-CPCs show distinct

surface properties and chemical properties according to the RGO concentration. The RGO-CPCs’

mechanical properties are significantly increased compared to CPCs owing to chemical bonding

between RGO and CPCs. In in vitro studies using a mouse osteoblast cell line and rat-derived adipose

stem cells, RGO-CPCs are not severely toxic to either cell type. Cell migration study, western blotting,

immunocytochemistry, and alizarin red staining assay reveal that osteoinductivity as well as

osteoconductivity of RGO-CPCs was highly increased. In in vivo study, RGO-CPCs not only promoted

bone ingrowth but also enhanced osteogenic differentiation of stem cells. Application of PEMFs

enhanced the osteogenic differentiation of stem cells. RGO-CPCs with PEMFs can overcome the flaws

of previously developed natural CPCs and are anticipated to open the gate to clinical application for

bone repair and regeneration.
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Introduction

Bone cements, which ll in bone defects and rapidly harden
inside the defects, are widely used to heal the increasing
number of physio-pathologic bone defects due to the aging
population. Currently, polymethylmethacrylates (PMMA) are
the most frequently used substance in clinical application
because they have in situ setting ability and good mechanical
properties.1 However, due to the lack of bioactivity, PMMA
cannot be degraded, in other words, they have neither osteo-
conductivity nor osteoinductivity. Moreover, their high hard-
ening temperature, over 100�, causes necrosis of cells. Although
N-butyl-2-cyanoacrylate (BCA)2 and 2-octylcyanoacrylate (OCA)3

were developed to resolve this problem, their biological inac-
tivity remains a critical problem. To complement these weak-
nesses, calcium phosphate cements (CPCs) were developed.
Because CPCs have similar chemical components with native
bone, they are bioresorbable, resulting in easy substitution by
native tissues. They also have good osteoconductivity and low
setting temperature.4 To date, synthetic calcium phosphate
(CaP) biomaterials and bioactive glasses, i.e., hydroxyapatite
(HA), dicalcium phosphate (DCP) and a or b-tricalcium phos-
phate (a or b-TCP) have been utilized as bone substitutes.5–11 In
addition, natural sources, e.g., sintered animal bones and
clamshells, were also used in CPCs due to their similarity with
native human bone. They frequently used porcine,12 bovine,13

chicken,14 and horse bone.15,16 However, CPCs still have serious
problems: their mechanical strength is low, which is a critical
Fig. 1 Schematic diagram of the research concept. Natural CaP pow
hardened by CS solution to fabricate RGO-CPCs. The RGO in RGO-C
osteogenic differentiation, which would contribute to better bone regen
for the promotion of synergic effects. CaP: calcium phosphate, CS: chit

5558 | RSC Adv., 2022, 12, 5557–5570
aw for use in clinical applications. Thus, many researchers
attempt to promote the mechanical strength of CPCs. The
mechanical strength of CPCs is deeply related with the micro/
nanostructure of the particle size, for instance, porosity,17

crystal size,18 powder distribution,19,20 and nano/micro CaP
particle composition.21 The addition of additives, e.g., chitosan
(CS), citric acid,22 cellulose,23 and ber,24 signicantly improved
themechanical properties, as well. However, those methods has
not been used in fabricating CPCs using CaP particles derived
from natural source, called natural CPCs. Therefore, an easier
and more effective method to reinforce the mechanical prop-
erties of natural CPCs should be developed. Moreover, because
CPCs are regarded to have low osteoinductivity, a better solu-
tion to improve osteoinductivity of CPCs is prerequisite.

Graphene, discovered experimentally in 2004, consists of
a two-dimensional (2D) honeycomb lattice structure of
carbon.25 Graphene has many subtypes depending on the
fabrication method, for example, graphene made by chemical
vapor deposition (CVD),26 graphene nanoribbon (GNR),27 gra-
phene oxide (GO),28 and reduced graphene oxide (RGO).29 Its
good biological properties – interaction with RNA and DNA,
cellular adhesion, cellular uptake, antibacterial ability, and
good biodegradability – led to its application in the biological
eld. In tissue engineering, graphene has been used in two
ways: (1) stem cell engineering and (2) strengthening the
mechanical properties of scaffolds. First, graphene/GO was
involved in osteogenesis,30 epithelial genesis,28 and neuro-
genesis31 of mesenchymal stem cells (MSCs) and neurogenesis
der and RGO were thoroughly mixed. Then, the mixed powder was
PCs is expected to reinforce the mechanical properties and improve
eration. Pulsed electromagnetic fields were exerted on the RGO-CPCs
osan.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 NOMENCLATURE of experimental group

Abbreviation Bone powder
RGO
(%, w/w)

3.5%
CS sol. (w/v)

No RGO O — 0.45
0.01% RGO O 0.01 0.45
0.1% RGO O 0.1 0.45
1% RGO O 1 0.45
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of neural stem cells (NSCs).32 Furthermore, GO-CaP nano-
composite synergically enhanced osteogenic differentiation of
MSCs.33 Secondly, graphene has been used to enhance the
mechanical properties of tissue-engineered scaffolds. Yang
et al. reported that the elastic modulus and maximum tensile
strength were enhanced by the addition of GO.34 Baradaran
et al. and Fan et al. also reported that themechanical strength of
HA-RGO and HA-GO nanocomposites was improved compared
with HA composite.35,36 These two properties – acceleration of
osteogenic differentiation and reinforcement of mechanical
strength – can also be utilized in natural CPCs. Furthermore,
the electrical functionality of graphene is applied to stem cell
engineering. The combination of RGO and pulsed electromag-
netic elds (PEMFs) increased ECM formation, membrane
proteins, and metabolism, resulting in enhanced osteogenic
and neurogenic differentiation.37,38 Simultaneous application of
graphene and PEMFs can make synergic effects on bone
regeneration.

Consequently, we hypothesized that if we incorporate gra-
phene in natural CPCs, we could reinforce the mechanical
properties as well as the osteogenic differentiation and osteo-
conductivity of natural CPCs (Fig. 1). Therefore, we fabricated
graphene-incorporated natural CPCs and evaluated their
various properties.39,40 In order to utilize electrical characteris-
tics of graphene, PEMFs were applied to the graphene-
incorporated CPCs. As a graphene ingredient, RGO was
chosen because of its several advantages – easy synthesis and
easy incorporation. At rst, their characteristics, e.g., morpho-
logical, chemical, and mechanical properties, were analyzed. In
vitro study was conducted with preosteoblast cell line (MC3T3-
E1) and mesenchymal stem cells (rat-derived adipose stem
cells, rASCs). Their cytotoxicity, viability, and adhesion were
analyzed. Then, a migration assay was assessed to verify the
osteoconductivity. Their osteogenic differentiation was evalu-
ated by western blot, immunocytochemistry (ICC), and alizarin
red staining (ARS). Their efficacy was evaluated by in vivo study
with and without stem cells, suggesting that RGO-reinforced
CPC (RGO-CPC) is a promising tool for clinical application.
Finally, the synergic potential of RGO-CPCs with PEMFs were
investigated.

Materials and methods
Fabrication of RGO-CPCs

The preparation method for micro/nano-sized natural bone
powders followed the preliminary study.21 Briey, horse bones
(Jejushopping, Republic of Korea) were soaked in distilled water
to drain the remaining blood for 24 hours. Then, the bones were
immersed in hydrogen peroxide (Duksan Chemicals Co, Korea)
for 72 hours. Aer soaking, the esh on surface was cut out, and
the horse bones were sintered in an electric furnace (UP350E,
Yokogawa Co, Japan) at 1200 �C for 2 hours. The sintered bones
were ground into powders using a miller (A10, IKA-WERKE,
Japan) and the ground bone powders were sintered three
more times. Micro-sized horse bone powders of which the
particle size was below 100 mm were collected by sieve (Daihan
Scientic, Korea). Nano-sized horse bone powders were ground
© 2022 The Author(s). Published by the Royal Society of Chemistry
by a Nano Sizer Fine Mill (Deaga Powder Systems Co. Ltd,
Republic of Korea), a device that pulverizes and disperses
particles by friction between beads and a revolving screen. The
collected micro/nano-sized powders were mixed 50 : 50 (w/w)
and RGO was incorporated into the powders by 10 000 : 1,
1000 : 1, and 100 : 1 (w/w). The resultant concentrations of RGO
were 0, 0.01, 0.1, and 1 wt%, respectively. A 3.5% chitosan (CS)
solution for hardening CPCs was prepared by dissolving chito-
san (molecular weight: 200 000, D: 90%, Taehoon Co, Korea) in
2% lactic acid (v/v, #50215, Duksan Chemicals Co, Korea)
solution. The prepared powders and CS solution were thor-
oughly mixed with ratios of 0.45 : 1 (v/w) and placed into a pol-
ydimethylsiloxane (PDMS) mold (6 4 diameter, 2 mm height) at
37 �C and 100% humidity for 4 hours. The fabricated RGO-CPCs
were classied following the RGO concentration in powders.
Detailed information is listed in Table 1.

Characterization

The fabricated CPCs were dried completely at room tempera-
ture, and observed by a eld emission scanning electron
microscope (FESEM, SUPRA 55VP, Carl Zeiss, Germany). The
presence of crystalline phases on the RGO-CPCs according to
bone powder and RGO was XRD and Raman spectroscopy. In
XRD, an X-ray diffractometer (New D8 advanced XRD, Bruker,
Germany) with copper Ka radiation at 40 kV and 40 mA was
used. The samples were scanned from 20 to 65� using steps of 2
theta with a counting time of 60 s per step. The crystalline phase
compositions were identied with reference to standard JCPDS
cards available in the system soware. The Raman spectra of
the RGO-CPC was obtained with a T64000 (Horiba Jobin Yvon)
at an excitation wavelength of 514.54 nm. XPS was conducted on
a Sigma Probe (ThermoVG, U.K.) operating at a base pressure of
5� 10�10 mbar at 300 K with a nonmonochromatized Al Ka line
at 1486.6 eV, a spherical sector analyzer of 180�, a mean
diameter of 275 mm, an analysis area of 15 mm to 400 mm, and
multichannel detectors. The mechanical properties of the RGO-
CPCs were analyzed using a texture analyzer (TAXT2i, Stable
Microsystems Co, US). The prepared CPCs samples (6 4 diam-
eter, 2 mm height) were compressed at a crosshead speed of 1
mm min�1 until failure, and the stress–strain diagram of the
samples were recorded. From the diagrams, the elastic
modulus, maximum allowable strain, and maximum compres-
sive stress were calculated.

In vitro study

A mouse calvaria-derived osteoblast cell line, MC3T3-E1 (CRL-
2593, ATCC, USA) was cultured in proliferation media. The
RSC Adv., 2022, 12, 5557–5570 | 5559
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proliferation medium was a-MEM (#LM 008-02, WELGENE Inc.,
Korea) supplemented with 10% fetal bovine serum (FBS,
#SH30919.03, Hyclone, USA), 1% antibiotics (#LS 203-01,
WELGENE Inc., Korea) at 37 �C in 5% CO2 conditions. The
media was changed every other day. To isolate rASCs, subcuta-
neous fat tissues (2 mL volume) in the operation site were ob-
tained from a rat. Tissues were washed with phosphate buffered
saline (PBS; Gibco, Milan, Italy), digested with 100 U mL�1

collagenase type I (Sigma-Aldrich, St. Louis, MO) in low glucose
Dulbecco's modied Eagle's medium (DMEM; Gibco-BRL,
Grand Island, NY), and incubated for 8 hours to lyse the
adipose tissues. The stromal fraction was collected by centri-
fugation and then passed through a cell strainer (100mL size) to
remove any large cell clumps and particles. For the cell culture
and expansion of adipose-derived cells, cells were grown in low
glucose DMEMwith 10% fetal bovine serum (FBS; Gibco, Milan,
Italy) and 1% penicillin–streptomycin (Gibco, Milan, Italy) at
37 �C in a 5% CO2 atmosphere. To conrm the phenotypic
characterization of the rASCs, undifferentiated cells were
cultured in stromal DMEM media. If the cells were more than
80% conuent, the cells were harvested using trypsin–EDTA
and resuspended at a concentration of 1 � 106 cells per ml in
uorescence activated cell sorting (FACS) buffer. Cells were
rstly stained using uorescein isothiocyanate (FITC)-
conjugated antibody CD105 (mesenchymal stem cell marker)
for 1 h at 4 �C and FACS was performed using FACS DiVa so-
ware (BD Bio-sciences, San Jose, CA).

A concentration of 1 � 104 cells per well MC3T3-E1 and
rASCs were seeded on 96-well plate and incubated at 37 �C in
a 5% CO2 atmosphere for 1 day. RGO-CPCs were put into
another 96 well plate. They were immersed in 200 ml culture
media and incubated at 37 �C in a 5% CO2 atmosphere for 24 h.
Aer soaking, the culture media were collected. Then, cell-
cultured media were removed and the collected culture media
from the RGO-CPCs were added to the plate and incubated for
12 and 24 h. Following the incubation, the cytotoxicity was
measured by WST-1 (EZ-Cytox Cell Viability Assay Kit, EZ3000
Daeillab Service Co., Seoul, Republic of Korea). Each RGO-CPC
was added to a 96 well plate. 1 � 104 cells per well MC3T3-E1
and rASCs were seeded on RGO-CPCs and incubated at 37 �C
in a 5% CO2 atmosphere for 6 h. Following the incubation,
media were removed and PBS were added to the wells to gently
wash out unattached cells. Aer washing, fresh media were
added to the wells and the cell adhesion was measured by WST-
1 (EZ-Cytox Cell Viability Assay Kit, EZ3000 Daeillab Service Co.,
Seoul, Republic of Korea). For immunocytochemistry (ICC),
MC3T3-E1 and rASCs (1 � 104 cells per sample) were seeded
onto RGO-CPCs, and allowed to spread for 1 or 7 days in culture
media at 37 �C in a humidied atmosphere containing 5% CO2.
Adhered cells were xed with a 4% paraformaldehyde solution
(Sigma-Aldrich, Milwaukee, WI) for 20 min, permeabilized with
0.2% Triton X-100 (Sigma-Aldrich, WI, Milwaukee) for 15 min,
and stained with TRITC-conjugated phalloidin (Millipore, Bill-
erica, MA) and 4,6-diamidino-2-phrnykinodole (DAPI; Millipore,
Billerica, MA) for 1 h. Focal adhesions (FAs) were stained with
a monoclonal anti-vinculin antibody (1 : 100; Millipore, Bill-
erica, MA) and an FITC-conjugated goat anti-mouse secondary
5560 | RSC Adv., 2022, 12, 5557–5570
antibody (1 : 500; Millipore, Billerica, MA). Images of the
stained cells were taken using a confocal laser scanning
microscope (LSM710, Carl Zeiss, Germany). Each RGO-CPC was
added to a 96 well plate, and 1 � 104 cells per well MC3T3-E1
and rASCs were seeded on the RGO-CPCs and incubated at
37 �C in a 5% CO2 atmosphere for 1, 3, or 7 days. Following the
incubation, cell viability was measured by WST-1 (EZ-Cytox Cell
Viability Assay Kit, EZ3000 Daeillab Service Co., Seoul, Republic
of Korea).

The total cellular protein was extracted by RIPA lysis buffer
(62.5 mM Tris–HCL, 2% SDS, 10% glycero, pH 7.5) with added
proteinase inhibitor cocktail (Invitrogen, USA). Cell lysates were
incubated on ice for 30 min and then centrifuged at 13 000 rpm
for 30 min at 4 �C. Supernatant (protein lysate) was collected
and the protein concentration was determined by a micro
bicinchoninic acid (BCA) Protein Assay Kit (Bio-rad, Hercules,
Calif). Twenty ve mg-aliquots of the cell lysates were separated
by 8% SDS-PAGE under reducing conditions. Separated
proteins were transferred to a PVDF membrane (Millipore
Corporation, Bedford, MA, USA) at 30 V for 1 h. Aer blocking
with 5% skim milk in PBST, the membranes were incubated
overnight in primary antibody at 4 �C. Then, the primary anti-
body was removed and washed thrice by PBST for 10 min each.
Aer washing, samples were incubated with a secondary anti-
body for 2 h at room temperature. Aer incubation, the
secondary antibody was removed and washed thrice using PBST
for 10 min. Anti-alkalinephosphatase (ALP, ab354, Abcam,
Cambridge, MA, USA), Runt-related transcription factor-2
(Runx-2, ab23981, Abcam, Cambridge, MA, USA), and osteo-
calcin (OCN, AB10911, Millipore, USA) were used as the primary
antibodies and horse raddish peroxidase (HRP)-conjugated
anti-rabbit immunoglobulin G (G21234, Invitrogen, USA) was
used as the secondary antibody. Quantication of the western
blot was performed using the Image J soware with a normali-
zation of the level of the entire protein. MC3T3-E1 and rASCs
were fed with a-MEM and DMEM media to which 50 mg mL�1

ascorbate-2-phosphate (Sigma-Aldrich, WI, Milwaukee) and 10
mMdexamethasone (Sigma-Aldrich, WI, Milwaukee) were added
for 2, 3, and 4 weeks, respectively. Calcium precipitation of the
ECM was visualized by staining with ARS (Sigma-Aldrich, WI,
Milwaukee). Briey, the ethanol-xed cells and matrix were
stained for 1 hour with 40 mM ARS (pH 4.2) and extensively
rinsed with water. Aer photography, the bound stain was
eluted with 10% (wt/vol) cetylpyridinium chloride, and the ARS
in samples was quantied by measuring the absorbance at
544 nm.
In vivo study

A second animal model using rat calvarial defects was designed
to evaluate the effects of RGO-CPCs on regeneration capacities
of bony structures without transplantation of cells. All experi-
ments using mice and rats were approved by the Seoul National
University Institutional Animal Care and Use Committee (SNU-
120427-2-2). 0% and 0.01% RGO-CPCs were implanted into
critical-size calvarial defects in twelve Sprague Dawley rats.
8 mm diameter bony defects were made, and copious irrigation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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with sterile saline and hemostasis was performed. The critical-
size defects in the control group received only a blood clot as
a negative control, and Bio-Oss powder was used as a positive
control. Sample harvesting was performed aer 8 weeks. To
evaluate the effects of RGO-CPCs on mineralized tissue forma-
tion of mesenchymal stem cells in vivo, human alveolar bone
marrow stem cells (hABMSCs, 2.5 � 104 cells) were pre-seeded
on 0% and 1% RGO-CPCs disk (diameter of 6 mm), incubated
for 4 hours, and then transplanted into the subcutaneous
spaces of immunocompromised mice (NIH-bg-nu/nu-xid, Har-
lan Sprague Dawley, Indianapolis, IN, USA). We collected
human alveolar bone tissues at Seoul National University Dental
Hospital (Seoul, Korea). The experimental protocol was
approved by the Institutional Review Board. Informed consent
was obtained from the patients. Human ABMSCs which were
inserted into polycaprolactone tube (diameter of 3 mm) were
used as a negative control, and the cells mixed with Bio-Oss (Ed
Geistlich Sons, Wolhusen, Switzerland) powder, a bovine bone
derivative, as a positive control for transplantation. Samples (n
¼ 5) were obtained aer 12 weeks. The transplanted hABMSCs
samples and the calvarial segments were dissected carefully and
samples were immersed in 4% paraformaldehyde then kept for
an additional 24 hours. Aer being decalcied in a 10% EDTA
(pH 7.4) solution, the specimens were embedded in paraffin.
Serial 5 mm thick sections were cut and stained with
hematoxylin/eosin (H/E) for histological analysis. For immu-
nohistochemistry, transplanted hABMSCs samples were incu-
bated overnight at 4 �C with rabbit polyclonal bone sialoprotein
(BSP) (SC-59772, Santa Cruz Biotechnology) antibody at a dilu-
tion of 1 : 200. Sections were then incubated with secondary
antibodies, anti-rabbit IgG, at room temperature for 30 min and
Fig. 2 Characteristics of RGO-CPCs (A) morphological analysis. RGO
According to the FESEM results, the surface of RGO-CPCs aggregated m
results. HA specific peaks were present in all samples. In 0.1 and 1% RG
Raman spectroscopy results. Hydroxyapatite specific peaks were shown
RGO. FESEM: field emission scanning electron microscopy, XRD: X-ray d

© 2022 The Author(s). Published by the Royal Society of Chemistry
reacted with the avidin–biotin–peroxidase complex (Vector
Laboratory, Burlingame, CA). Signals were converted using
a DAB kit (Vector Laboratory). Hematoxylin was used for stain-
ing of nuclei.
Application of PEMFs on RGO-CPCs

Electromagnetic stimulation was applied on RGO-CPCs. Their
efficacy was evaluated via ARS. rASCs were fed with a-MEM and
DMEM media to which 50 mg mL�1 ascorbate-2-phosphate
(Sigma-Aldrich, WI, Milwaukee) and 10 mM dexamethasone
(Sigma-Aldrich, WI, Milwaukee) were added for 2, 3, and 4
weeks, respectively. The PEMFs were irradiated using a sole-
noid. Electric signals, of which condition was square wave,
�5 V, 50 Hz-frequency, and 50%-duty cycle, were generated
using a function generator. The condition of resultant PEMFs
was 0.6 � 0.05 mT with 50 Hz and expose time on samples was
30 minutes per day. Calcium precipitation of the ECM was
visualized by staining with ARS (Sigma-Aldrich, WI, Milwaukee).
Briey, the ethanol-xed cells and matrix were stained for 1
hour with 40 mM ARS (pH 4.2) and extensively rinsed with
water. Aer photography, the bound stain was eluted with 10%
(wt/vol) cetylpyridinium chloride, and the ARS in samples was
quantied by measuring the absorbance at 544 nm.
Statistical analysis

Statistical analyses were performed using the Statistical Anal-
ysis System (SAS) for Windows Ver. 9.4 (SAS Institute). The least
signicant difference (LSD) method and unpaired Student's t-
tests were used to compare the means of the properties of the
RGO-CPCs. The level of signicance was p < 0.05.
-CPCs became darker as the RGO concentration increased (inset).
ore with the increased RGO concentration. Scale bars ¼ 3 mm. (B) XRD
O, new peak representing RGO was present at approximately 25�. (C)
in all samples. The peaks representing RGO were clearly shown in 1%
iffraction.
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Results
Characteristics of RGO-CPCs

To investigate the effects of RGO on the characteristics of CPCs,
the morphological, chemical, and mechanical characteristics
were evaluated to reveal the inuence of RGO on natural CPCs.
In this study, four groups, e.g., no, 0.01%, 0.1% and 1% RGO
were investigated (Table 1). We rst examined their
morphology. As the inset of Fig. 2A indicated, CPCs became
darker with increasing of RGO. According to the scanning
electron microscopy (SEM), their microstructural morphology
became smoother as the RGO concentration increased. (Fig. 2A)
Fig. 3 Mechanical properties of RGO-CPCs. (A) Mechanical properties (e
stress) of RGO-CPCs immediately after fabrication. Elastic modulus and
enhanced and themaximum allowable strain of all RGO-CPCs was increa
RGO representing C–C, C–O, C]O, and O]C–O bonding increased co
decreased, indicating covalent bonding may occurred. (C) Possible mech
well as high mechanical properties of RGO would result in the reinforce
hydroxyapatite, CS: chitosan.

5562 | RSC Adv., 2022, 12, 5557–5570
energy-dispersive X-ray spectroscopy (EDS) evaluated the pres-
ence of graphene (Fig. S1†). All samples showed carbon peak
because CS, having carbon in its back bone, was in all samples.
Then, we examined the chemical properties of RGO-CPCs. In
the X-ray diffraction (XRD) results, peaks were present at 25.4,
28.96, 31.38, 39.06, 45.76, and 48.6�, showing typical peaks of
crystal structure of HA in CPCs.41 (Fig. 2B). Further, at approx-
imately 25� the peaks representing RGO were shown on 1%
RGO. In the Raman spectroscopy, all samples exhibited repre-
sentative HA peaks (Fig. 2C). Further, 1% RGO had 1398 (D) and
1696 (G) peaks, verifying the presence of RGO.

We next examined mechanical properties of RGO-CPCs
(Fig. 3A). The elastic modulus of 0.1% and 1% RGO were
lastic modulus, maximum allowable strain, and maximum compressive
maximum compressive stress of 0.1 and 1% RGO were significantly

sed compared to No RGO. (n¼ 10, LSD) (B) XPS results. C 1s peaks of 1%
mpared to No RGO. Whereas, an O 1s peak representing O–H bonding
anism of RGO-CPCs. Covalent bonding between HA, CS, and RGO as
ment of mechanical properties. XPS: X-ray photoelectron scopy, HA:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 XPS results of RGO-CPCs

Bonds

No RGO 0.1% RGO

Peak BE (eV) FWHM (eV) At. % Peak BE (eV) FWHM (eV) At. %

C–C 284.47 1.85 38.24 284.51 1.74 26.21
C–O 286.35 1.85 5.72 285.89 1.74 23.94
C]O 288.27 1.85 6.41 287.25 1.91 6.02
O]C–O — — — 288.45 1.91 4.69
O–H 531.11 2 26.03 531.01 1.96 7.47
H2O 532.29 2 7.45 532.3 1.96 23.48
N–H 398.81 1.4 0.67 398.99 1.87 4.9
Ca(HA) 347.09 1.83 10.47 347.11 1.93 2.29
P–O 132.58 1.52 5.02 132.67 1.6 0.98
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signicantly increased compared to No RGO. The maximum
allowable strains of the RGO-CPCs were all increased, and the
maximum compressive strength of 0.1 and 1% RGO were
signicantly increased compared with No RGO. To reveal the
long-term behavior of RGO-CPCs in the human body, a soaking
test was assessed by immersing the RGO-CPCs into simulated
body uid (SBF), and their mass and mechanical properties
were analyzed per every week (Fig. S3†). The mass of the RGO-
CPCs was steadily decreased (not signicantly), whereas the
mechanical properties of the RGO-CPCs were gradually
increased. In week 3, all of the mechanical properties of 0.1%
RGO were excessively increased. In accordance with these
results, it was concluded that incorporation of RGO in CPCs
highly strengthened the mechanical properties of RGO-CPCs.
For verifying the chemical reaction, X-ray photoelectron spec-
troscopy (XPS) was conducted on GO, RGO, No RGO CPC and
1% RGO CPC (Fig. 3B and S2†). In Fig. 3B, all C 1s peaks rep-
resenting C–C, C–O, C]O, and O]C–O bonding highly
increased on 1% RGO whereas an O 1s peak on No RGO rep-
resenting O–H bonding highly decreased. Furthermore, XPS is
also assessed on No and 0.1% RGO soaked in SBF for 3 weeks.
As a result, a C 1s peak representing C–O bonding highly
increased while an O 1s peak representing O–H bonding highly
decreased (Table 2).
In vitro study on MC3T3-E1

Next, several in vitro studies were performed to evaluate whether
RGO-CPCs are appropriate for bone tissue engineering. We rst
used preosteoblastic MC3T3-E1 cells to determine the efficacy
of RGO-CPCs on differentiation of osteoblasts. First, in the
cytotoxicity test, RGO-CPCs denoted slight toxicity at 12 h
(Fig. 4A). However, their toxicity becamemarginal at 24 h. In the
cell adhesion test, the cell adhesion rate was signicantly
decreased in 1% RGO at 24 h (Fig. 4B, inset). To determine the
reason for decrease, ICC to stain the vinculin, the protein
related with focal adhesion, was conducted (Fig. 4C). On day 1,
expression of vinculin decreased according to the increase of
RGO. Nonetheless, the expression was increased in all RGO-
CPCs on day 7, suggesting that the adverse effect of RGO on
focal adhesion diminished with long-term cell adhesion. In the
cell viability test, the optical density of the RGO-CPCs steadily
© 2022 The Author(s). Published by the Royal Society of Chemistry
decreased with the increase of RGO (Fig. 4B). Next, we con-
ducted an osteogenic differentiation study of RGO-CPCs. First,
protein expressions related with osteogenesis were checked by
western blot. (Fig. S4A and B†) Runt-related transcription factor
2 (Runx-2), intermediated osteogenic marker, and osteocalcin
(OCN), late osteogenic marker, were upregulated faster in 1%
RGO, whereas alkaline phosphatase (ALP), early osteogenic
marker, showed marginal results among all samples. In the
ICC, consistent with the western blot results, higher expression
of OCN was observed on 1% RGO. (Fig. S4C†) Furthermore, ARS
was conducted to determine the calcium deposition. The
highest calcium deposition rate was shown on 1% RGO.
(Fig. S4D and E†).
In vitro study on rASCs

Our data showed that RGO-CPCs promoted osteoblastic differ-
entiation of preosteoblastic MC3T3-E1 cells. Therefore, we next
explored various in vitro studies with rASCs, one of the mesen-
chymal stem cells, including the ability of stem cell differenti-
ation of RGO-CPCs. There was no different cytotoxicity between
CPCs and RGO-CPCs at 12 h. In contrast, the cytotoxicity of
RGO-CPCs was decreased at 24 h (Fig. 5A). The cell adhesion
rates of rASCs were not signicant comparatively with No RGO,
except for 1% RGO (Fig. 5B). ICC was investigated to evaluate
the vinculin expression of rASCs on RGO-CPCs (Fig. 5D).
Consistent with the cell adhesion rate, vinculin expression
decreased with the increased graphene concentration. Cell
viability was decreased with increased RGO (Fig. 5C). When
conducting the differentiation study, RGO-CPCs accelerated
osteogenic differentiation of rASCs (Fig. 6). In the western
blotting and immunostaining results, the highest expression of
OCN was recorded on 1% RGO (Fig. 6A–D). Analogous results
were observed in ARS assay. At 4 weeks, rASCs on 1% RGO
showed the best calcium deposition (Fig. 6E and F).
In vivo studies with or without hABMSCs

To evaluate whether RGO-CPCs could enhance bone regenera-
tion under microenvironments of bony defects in vivo, 0% and
0.01% RGO-CPCs were implanted into critical sized defects of
rat calvaria for twelve weeks (Fig. 7A). Bio-Oss™ was used as
RSC Adv., 2022, 12, 5557–5570 | 5563
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Fig. 4 In vitro study of MC3T3-E1. (A) Cytotoxicity result. The cytotoxicity of 0.01% RGOwas the least at 12 hours, whereas the cytotoxicity of all
CPCs was insignificant at 24 hours (n ¼ 5). (B) Cell viability result. On day 7, the cell viability of 0.1 and 1% RGO decreased significantly compared
with No RGO (n ¼ 5, LSD). Inset: cell adhesion result. There is no significant difference except for 1% RGO (n ¼ 5, LSD). (C) ICC results. Vinculin
expression decreased with increased of 1% RGO. Scale bars ¼ 50 mm. ICC: immunocytochemistry.
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a positive control for bone regeneration. There was no evidence
of inammation in all groups. The calvarial defects in the
control group showed formation of thin brous connective
tissue layers and small amounts of bony growth at the margins
of the defect, while the Bio-Oss™ group generated bone-like
mineralized tissues on the border of Bio-Oss™ particles
(Fig. 7B). In the 0.01% RGO, more amounts of newly-formed
bone tissues were regenerated in the periphery of surrounding
the bony defects compared to the 0% RGO. The regenerated
mineralized tissues in the Bio-Oss and 0.01% RGO groups
showed morphological characteristics of calvarial bone present
at the margins of the defect, including typical osteocytes
entrapped inside the matrix, and osteoblasts lining the outer
margin of the mineralized tissue. These ndings suggest that
5564 | RSC Adv., 2022, 12, 5557–5570
RGO-CPCs themselves could enhance bone regeneration
without transplantation of any cells in vivo.

Based on the results from these in vitro experiments with
mesenchymal stem cells, human alveolar bone marrow stem
cells (hABMSCs)-seeded 0% and 1% RGO-CPCs disc were
transplanted into immunocompromised mice subcutaneously
to evaluate the effects of RGO-CPCs on osteoblast differentia-
tion of mesenchymal stem cells (Fig. 7C). Harvested samples
were stained with hematoxylin and eosin (H&E) and immuno-
stained with bone sialoprotein (BSP) antibody twelve weeks
aer transplantation. Histological analysis revealed that the
accumulation of extracellular matrices and collagen for gener-
ating mineralization foci were detected in the Bio-Oss™ and
both RGO groups compared to the control group (Fig. 7D). 1%
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In vitro study of rASCs. (A) Cytotoxicity result. The cytotoxicity of RGO-CPCs was lower than No RGO at 24 hours, whereas the cyto-
toxicity of all CPCs was insignificant at 12 hours (n¼ 5). (B) Cell adhesion result. There is no significant difference except for 1% RGO (n¼ 5, LSD).
(C) Cell viability result. On day 7, the cell viability of 0.1 and 1% RGO significantly decreased compared with No RGO (n ¼ 5, LSD). (D) ICC result.
Vinculin expression decreased with increased 1% RGO. Scale bars ¼ 100 mm. ICC: immunocytochemistry.
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RGO displayed osteoblast-like cells with abundant matrix
formation. BSP expression was observed in the Bio-Oss™ group
but weakly in the control group. In the 1% RGO, the expression
of BSP protein was detected in osteoblast-like cells that contact
with the RGO-CPCs, however, there were few cells with BSP
expression in the 0% RGO.

Application of PEMFs on RGO-CPCs

The efficacy of PEMFs on RGO-CPCs were investigated (Fig. 7E).
The rASCs were seeded onto the No RGO and 1% RGO groups,
and the PEMFs were exposed for 3 weeks. The result of calcium
deposition was evaluated by ARS. On week 2, there's no signif-
icant difference among samples, whereas, on week 3, 1% RGO
with PEMFs exhibited signicant difference.

Discussion

CPCs have such good bioactivity that can be absorbed by
surrounding tissue and be replaced with native tissues.
© 2022 The Author(s). Published by the Royal Society of Chemistry
However, the low mechanical strength of CPCs has remained
a critical weakness.4 There are a few methods to reinforce the
mechanical properties of natural CPCs because the existing
methods work properly only in CaP synthesis. Likewise, not only
osteoconductivity, but better osteogenic differentiation is
important for natural CPCs. Thus, in this study, RGO was
incorporated into the horse bone-derived natural CPCs to alle-
viate the disadvantages.

Horse bone powders, RGO, and CS solution were mixed
thoroughly following the abovementioned concentration (Table
1) and were hardened in polydimethylsiloxane (PDMS) molds.
As shown in Fig. 2A, RGO-CPCs became darker with the increase
of the RGO concentration and their surface became more
coagulated with the increase of the RGO concentration. Next,
the chemical characteristics of mixed powders were examined.
In the XRD and Raman spectroscopy, specic peaks of RGO
were also observed in RGO-CPCs (Fig. 2B and C). From the
results, it was conrmed that the RGO was successfully incor-
porated in the RGO-CPCs. CPCs consist of one or more calcium
RSC Adv., 2022, 12, 5557–5570 | 5565
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Fig. 6 Osteogenic differentiation study on rASCs (A) representative western blot result. ALP, OCN expressions were evaluated during 4 weeks.
(B) The relative expressions of osteogenic marker protein were calculated. In weeks 2 and 3, ALP expression was increasingly promoted with
increased RGO, indicating that the more RGO is incorporated, the faster the early stage of osteogenesis is. In weeks 3 and 4, OCN expression of
1% RGO was highly increased, indicating that 1% RGO underwent late stage osteogenesis earlier. (C) ICC result. OCN expression for 4 weeks is
depicted. At 4 weeks, 1% RGO had the highest expression. Scale bars ¼ 100 mm. (D) Three dimensional images of OCN expression on 1% RGO.
Hemisphere-shaped cell aggregation indicates higher OCN expression. (E) Representative images of ARS. (F) Quantitative analysis of ARS. The
calcium deposition rate of 1% RGO in week 4 had the highest value with a significant difference. (n ¼ 5, LSD) ALP: alkaline phosphatase; OCN:
osteocalcin, ICC: immunocytochemistry. ARS: alizarin red staining.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 8
:4

6:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
phosphate that can be mixed in a liquid form and hardened.
During the setting reaction of CPC pastes, the in situ formation
of the crystals of HA precipitate occurs. The crystalline structure
of HA in CPCs was further conrmed by XRD results.41 Next, the
mechanical properties of the RGO-CPCs were measured (Fig. 3).
For the 0.1% and 1% RGO, the mechanical properties were
enhanced almost twice. Further, when soaked in SBF, 0.1%
RGO showed outstanding improvements of mechanical prop-
erties. For RGO preparation, we rst synthesized GO using
modied Hummers' method. The GO was then reduced using
hydrazine monohydrate to acquire RGO. In the XPS results of
GO and RGO, the peaks representing oxygen functional groups
in the RGO (C–O, C]O and C]O–O) were decreased compared
to those of GO (Fig. S2†). However, the results still show small
peaks representing C–O, C]O, and C]O–O owing to remain-
ing oxygen functional groups aer the hydrazine monohydrate
reduction.42 Therefore, oxygen containing functional groups in
C 1s peaks might have increased with increasing RGO content
(Fig. 3B). In the XPS results of CPC, it was conrmed that all C 1s
peaks representing C–C, C–O, C]O, and O]C–O bonding are
highly increased in 1% RGO whereas an O 1s peak representing
O–H bonding highly decreased. The increase of C–C bonding is
expected mainly due to the presence of RGO. Interestingly,
other C 1s peaks exhibiting covalent bonding with oxygen were
also increased owing to remaining oxygen functional groups in
RGO whereas O–H bonding decreased, which implicates that
the covalent bonding among RGO, CS, HA might happen. Thus,
5566 | RSC Adv., 2022, 12, 5557–5570
it is expected that the reinforcement of mechanical strength is
due to covalent bonding between HA, CS, and RGO as well as
the high mechanical properties of RGO (Fig. 3C). There were
several reports that incorporation of or synthesis with GO
enhanced the mechanical properties of HA and CS. The tensile
strength and elastic modulus of GO/CS composite lm were
increased more than those of CS lm.34 The elastic modulus of
GO/HA and the hardness of GO/HA/CS complex were evidently
increased compared to HA.43 Moreover, synthesis with HA and
RGO improved the micro hardness, elastic modulus, and frac-
ture toughness.36 However, it has not been reported that the
mixing and hardening of the HA/RGO/CS complex results in
reinforcement of the mechanical properties of CPCs. Conse-
quently, in our knowledge, this is the rst report about the
reinforcement of CPCs by the mixing of RGO/CS/HA composite.
Together, this easy and simple method is highly suitable for
application in natural CPCs. Hence, this method is expected to
enlarge the application range of natural CPCs.

Aer investigation of the morphological, chemical, and
mechanical properties of RGO-CPCs, their behaviors were
examined by MC3T3-E1 and rASCs in vitro. The adhesion rate of
RGO-CPCs decreased as the RGO concentration increased. This
was visually conrmed by ICC of vinculin. As shown in Fig. 4C
and 5D, vinculin expression decreased with the increase of the
RGO concentration. From the cell viability result in Fig. 4B, the
viability of MC3T3-E1 signicantly increased in all experimental
groups on day 7. Furthermore, the cell viability indicated that
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In vivo study. (A) No RGO, 0.01% RGO, and Bio-Oss™ were applied on rat calvarial defect models. (B) Twelve weeks later, 0.01% RGO
successfully induced bone ingrowth. (C) The osteogenic capability of RGO-CPCs was assessed. hABMSCs were seeded onto the RGO-CPCs and
those were subcutaneously implanted in nude mice. (D) Twelve weeks later, the hABMSCs on 1% RGO is similar with osteoblast-like cells while
osteogenic differentiation deemed to be delayed in other groups. Moreover, 1% RGO strongly expressed BSP. (E) ARS results of RGO-CPCs under
PEMFs stimulation. (A) Representative results of ARS. (B) Quantitative results of ARS study. The PEMFs stimulation exhibited nonsignificant results
on week 2 whilst the PEMFs stimulation induced significant result upon 1% RGO on week 3. hABMSCs, human alveolar bone marrow stem cells;
PEMFs, pulsed electromagnetic fields.
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the results decreased with increasing of RGO concentration.
There are two possible causes: (1) RGO-CPCs have cytotoxicity or
(2) RGO-CPCs make cells promote osteogenic differentiation,
rather than cell proliferation or migration. Considering their
cytotoxicity result, the cytotoxicity of RGO-CPCs is insignicant
(Fig. 4A and 5A). Moreover, Tatavarty et al. reported that GO-CaP
nanocomposite improved osteogenic differentiation of human
mesenchymal stem cells (hMSCs)44 and Li et al. reported that
the chitosan–GO–HA composite enhanced osteogenesis of
MG63.43 Consequently, RGO-CPCs were anticipated to promote
differentiation of the cells. As expected, RGO-CPCs enhanced
osteogenic differentiation of MC3T3-E1 and rASCs. In week 2,
1% RGO most rapidly promoted early expression of ALP, the
early marker of osteogenic differentiation (Fig. 6A). Subse-
quently, it promoted early expression of Runx-2 and OCN on
week 3 and week 4, respectively. The results are consistent with
the ICC and ARS results (Fig. 6C). The 1% RGO recorded the
highest OCN expression and calcium deposition in week 4.
Many researchers have been dedicated to enhance osteogenic
capability of CPCs. According to the researches, it was reported
that the addition of Arg–Gly–Asp (RGD), bronectin, and
platelet concentration enhanced osteogenesis of human
umbilical cord mesenchymal stem cells (hUCMSCs).45 However,
addition of carbon-based materials in CPCs related with
osteoinductivity was not investigated. Thus, it was revealed that
the utilization of carbon-based materials in natural CPCs will
simultaneously enhance the mechanical properties and
© 2022 The Author(s). Published by the Royal Society of Chemistry
osteoinductivity. Thus, RGO-CPCs are anticipated to open the
gate for the clinical application for natural CPCs.

Based on the cell type, RGO-CPCs can be utilized differently.
In the case of MC3T3-E1, 0.01% RGO showed the highest cell
proliferation among the RGO CPC groups (Fig. 4B) whereas
RGO-CPCs represented comparatively low osteogenic capability.
Hence, 0.01% RGO is suitable for bone ingrowth, commonly
used in orthopaedic application. In contrast, 1% RGO demon-
strated more effective osteogenic differentiation of rASCs than
other RGO-CPCs. Thus, for stem cell-based bone regeneration,
incorporation of 1% RGO and stem cells simultaneously would
be more effective. Thus, in in vivo study, 0.01% RGO is applied
on rat calvarial defect model and 1% RGO was subcutaneously
injected in immunocompromised mice with hABMSCs. As
a result, No and 0.01% RGO promoted bone ingrowth compared
to No treat and Bio-Oss™ (Fig. 7B). Particularly, bony structures
were more observed on 0.01% RGO compared with No RGO,
indicating that 0.01% RGO have better osteoconductivity than
No RGO. Further, 0.01% RGO sustained their morphology
whereas No RGO degraded much faster than 0.01% RGO. It
seems that the delay of degradation of 0.01% RGO is due to
chemical bonding between HA, CS, and RGO. The chemical
bonding would not only hamper the collapse of transplanted
area but also promote the fast migration of osteogenic
precursor cells. In case of stem cell-based study, the 1% RGO
promoted osteogenic differentiation of hABMSCs (Fig. 7D). The
cells seeded on 1% RGO formed osteoblast-like shapes faster
RSC Adv., 2022, 12, 5557–5570 | 5567
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than other groups. It was also revealed by immunohistochem-
istry (IHC) by staining BSP, the marker of osteogenesis.46 The
cells seeded on 1% RGO expressed BSP, whereas BSP is poorly
expressed in other groups. Consistently with in vitro study, the
efficacy of 1% RGO on osteogenesis of hABMSCs was conrmed
obviously by in vivo study. The hABMSCs, extracted from human
alveolar bone, frequently used in dento-alveolar bone regener-
ations,47 that is, the RGO-CPCs have a potential to be used in
dental as well as orthopaedic elds. Consequently, it is antici-
pated that 0.01% RGO is proper to be used in clinical applica-
tions for bone regeneration of defected area alone, because it is
good for bone ingrowth. Further, 1% RGO is expected to be used
in tissue engineering-based bone regeneration since it
enhances osteogenesis of stem cells. Both 0.01% and 1% RGO
would be applicable in clinical application.

The use of pure RGO instead of GO or functionalized RGO is
notable in this study. There were several reports on the use of
GO in synthesis with HA for reinforcement of mechanical
properties.35,48 Functionalized RGO49 and RGO synthesized with
HA36 have been reported, as well. However, our research is, in
our knowledge, the rst report to use pure RGO in the study of
CPCs. The use of pure RGO has several advantages: (1) ease of
fabrication. Simple mixing results in the easy fabrication
process maintaining the reinforced mechanical properties. (2)
Better promotion of osteogenesis. Lee et al. reported osteogenic
capability of graphene is better than GO.30 Hence, RGO may
promote better osteoinductivity than GO. (3) Good biodegrad-
ability. Lee et al. reported that RGO/HA composite never
induced interleukin-6 and tumor necrosis factor-a, related with
inammatory response.50 Hence, when conducting in vivo
study, its toxicity is not a signicant matter. (4) Utilization of the
functionality of graphene. For example, exposure on graphene
sheets could induce microelectric current.51 It was anticipated
that when RGO is incorporated in CPCs, microelectric current,
which can cause synergistic effects on osteogenic differentia-
tion, would be induced by exposure in electromagnetic eld.37

Fig. 7E conrmed the hypothesis about the synergic effects of
graphene and microelectric current on bone regeneration.
Furthermore, its unique properties, including high elastic
modulus and thermal properties can be used in tissue regen-
eration. The incorporation of RGO on CPCs may provoke
synergic effects in tissue engineering.

Conclusion

In this study, a new method to incorporate RGO into natural
CPCs for reinforcing the mechanical properties, osteo-
conductivity and osteoinductivity simultaneously is developed
for bone tissue engineering. RGO-CPCs had enhanced
mechanical properties, including elastic modulus, maximum
allowable strain, and maximum compressive strength. In the
soaking test, the mechanical properties of the RGO-CPCs were
enhanced in comparison with CPCs. Furthermore, the RGO-
CPCs not only had good migration ability but also improved
osteogenic differentiation of MC3T3-E1 and rASCs compared to
CPCs. In in vivo study, bone regeneration and osteogenesis of
RGO-CPCs also evaluated. In conclusion, the RGO-CPCs are
5568 | RSC Adv., 2022, 12, 5557–5570
expected to overcome the aws of formerly developed CPCs and
open the gate for clinical application in bone repair, regenera-
tion, and bone tissue engineering.
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