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ABSTRACT: Titanium (Ti) and its alloys with a high
mechanical strength and a small diameter can be effectively
exploited for minimally invasive dental implantation. Here, we
report a multipass caliber-rolled Ti alloy of Til3Nbl3Zr
(MPCR-TNZ) with a high mechanical strength and strong
fatigue characteristics. For further dental applications, MPCR-
TNZ was surface-modified with reduced graphene oxide
(RGO) and loaded with osteogenic dexamethasone (Dex) via
m—m stacking on the graphitic domain of RGO. The Dex-
loaded RGO-MPCR-TNZ (Dex/RGO-MPCR-TNZ) resulted
in significantly enhanced growth and differentiation of
MC3T3-El cells into osteoblasts, which was confirmed by
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Alizarin red staining, alkaline phosphatase activity test, immunocytochemistry, and real-time PCR. Moreover, we could confirm
the feasibility of Dex/RGO-MPCR-TNZ from the implantation test of a prototype of a dental implant to an artificial bone block

for clinical dental applications.
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1. INTRODUCTION

Titanium (Ti) and its alloys have been widely used in the field
of implant materials due to its corrosion resistance and
excellent biocompatibility." Especially, Ti alloys with a high
mechanical strength and a small diameter can be effectively
exploited for minimally invasive dental implantation. Fatigue
resistance is another indispensable characteristic for the long-
term and repetitive loading to the materials after dental
implantation. The multipass caliber-rolling (MPCR) is a plastic
deformation process to induce an ultrafine-grained (UFG)
structure with an average grain size less than 1 gm. This process
has proved 1ts effectiveness in the field of structural materials
such as steels.” ® For the first time, we reported the apphcatxon
of the MPCR process to Ti alloys for biomedical applications.”
We paid particular attention to Til3Nb13Zr (TNZ) alloy
registered in the ASTM F1713-08 standard for surgical
implants. The solution-treated (ST), and solution-treated and
aged (STA) TNZ alloys showed better biomechanical proper-
ties than current implant materials of commercially pure
titanium (CP-Ti). The MPCR process could enhance these
properties of Ti alloys even more.”
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Graphene is a sp2-bonded two-dimensional carbon material
which has unique mechanical, optical, and electrical proper-
ties.*” Graphene has recently attracted a great deal of attention
for biomedical applications such as drug delivery,'® biosens-
ing,11 and tissue engineering.12 For drug delivery, it was
reported that a high amount of drugs containing 7-electrons or
hydrophobic drugs could be effectively loaded on the graphene
surface.”” In particular, the differentiation of mesenchymal stem
cells (MSCs) into osteoblasts was greatly enhanced on the
graphene substrate synthesized by chemical vapor deposition
(CVD)." 1t was also reported that the adsorbed drugs on
graphene could facilitate the osteogenic differentiation of MSCs
due to the increased local concentration.'* However, it is hard
to transfer graphene synthesized by CVD on complicated 3D
structures, especially screw shaped dental implants. For
biomedical applications of graphene as a biologically active
surface in the body, graphene needs to be easily coated on the
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surface of 3D structures with reasonable durability and stability
after implantation.

In this work, a multipass caliber-rolled Ti alloy of
Til3Nb13Zr (MPCR-TNZ) was prepared with a high
mechanical strength and strong fatigue characteristics for
dental implant applications. After that, reduced graphene
oxide (RGO) was coated on the disc-shaped MPCR-TNZ
(RGO-MPCR-TNZ), which was loaded with an osteogenic
drug of dexamethasone (Dex)"® for facilitated osseointegration.
After characterization by atomic force microscopy (AFM), X-
ray photoelectron spectroscopy (XPS), and Raman spectros-
copy, the effect of Dex/RGO-MPCR-TNZ was assessed on the
differentiation of MC3T3-El preosteoblasts into osteoblasts.
For further applications, a prototype dental implant of Dex/
RGO-MPCR-TNZ was fabricated and implanted to an artificial
bone block for the assessment of the graphene surface stability
by Raman spectroscopy and scanning electron microscopy
(SEM) with the analysis of dynamic fatigue property.

2. EXPERIMENTAL SECTION

Preparation of MPCR-TNZ. TNZ rods were prepared with a
diameter of 28 mm. The f-transus temperature of this alloy (Tj) is
known to be 742 °C.'¢ The rods were solution-treated (ST) at 800 °C
for 1 h and then water-quenched to prepare ST-TNZ. Sections of ST-
TNZ were subsequently heated at S00 °C for 6 h according to the
ASTM F1713—08 standard to prepare STA-TNZ. Other sections were
heated in a furnace at 650 °C for 1 h and then deformed via MPCR
process with an area reduction of ca. 90% to fabricate MPCR-TNZ.

Microstructural analysis of MPCR-TNZ. The microstructure of
MPCR-TNZ was analyzed using disc samples with a diameter of 8 mm
and a thickness of 1 mm. The bare materials were wet-abraded using
SiC papers with a grit size up to #2400, mirror-polished using a clean
cloth with 1-4m alumina powder, and cleaned with acetone in an
ultrasonic bath. These samples were electro-polished at 22 V in a
solution of 2-butoxyethanol (245 mL), 60% HCIO, (40 mL), and
methanol (410 mL) to investigate phase and grain structures by
electron backscatter diffraction (EBSD). Then, the discs were mirror-
polished again and used to measure the contact angle.

Evaluation of mechanical properties of bare materials.
Tensile specimens were machined using ST-TNZ, STA-TNZ, and
MPCR-TNZ with a gauge diameter of S mm and a gauge length of 10
mm. Tensile tests were performed at a strain rate of 5 X 107> 7! in
ambient atmosphere. The tests were repeated three times with an
extensometer to obtain reliable mechanical data. Young’s modulus was
measured by the free resonance method using the disc samples
described above. Fatigue tests were performed using specimens with a
gauge diameter of 3 mm and a gauge length of 6 mm. Vickers hardness
tests were carried out with a load of 2 kg for 10 s. The test was
repeated 15 times for each sample to obtain statistically meaningful
data.

RGO coating on MPCR-TNZ. Mirror-polished and piranha-treated
MPCR-TNZ was immersed in 3% solution of (3-aminopropyl)-
triethoxysilane (APTES) in ethanol for 1 h to introduce positive amine
groups on the material surface. After washing with ethanol and distilled
water thrice, 4 mg/mL of graphene oxide (GO) solution with a size of
0.3—2 pum was spin-coated on the MPCR-TNZ surface at 100 rpm for
5 s following 2,000 rpm for 30 s to obtain GO-coated MPCR-TNZ
with a uniform thickness. RGO-MPCR-TNZ was obtained by reducing
in hydrazine vapor for 24 h. This material was washed with enough
fresh distilled water to remove the remaining hydrazine.

Characterization of RGO-MPCR-TNZ. The morphology of
MPCR-TNZ and RGO-MPCR-TNZ was characterized by tapping-
mode atomic force microscope (AFM, Veeco Multimode Scanning
Probe Microscope with the NanoScope IV Controller, Santa Barbara,
CA). Raman spectroscopy of MPCR-TNZ and RGO-MPCR-TNZ was
compared at D band (1350 cm™) and G band (1580 cm™) with a
confocal Raman Spectroscope Alpha 300R (Witec, Ulm, Germany).
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Carbon-peak analysis for various oxidized carbon states was performed
by X-ray photoelectron spectroscopy (XPS) (ESCALAB 250, Thermo
VG Scientific, West Sussex, UK). Contact angles of ST-TNZ, STA-
TNZ, MPCR-TNZ, RGO-MPCR-TNZ, and bovine serum-incubated
RGO-MPCR-TNZ were measured thrice using a contact angle
analyzer (SmartDrop, Femtofab, Korea).

In vitro drug release test. Drug was loaded on RGO-MPCR-
TNZ in the dark for 24 h using 1 mg/mL of DEX dissolved in DMSO
and diluted in PBS (1:10). All the supernatant was collected and the
loading content was calculated using the Dex standard curve obtained
at 260 nm by UV—vis spectroscopy (Eppendorf Biospectrophotom-
eter, Eppendorf AG, Hamburg, Germany). Unabsorbed Dex was
removed by washing with PBS thrice. In vitro drug release test was
conducted using Dex/RGO-MPCR-TNZ immersed in 1 mL of PBS at
37 °C in a shaking incubator for 7 days. After incubation for 1, 2, 4, 48,
72, 96, 120, and 168 h, 10 uL of PBS was collected and replaced with
10 pL of fresh PBS. The released amount of Dex was determined by
the Dex standard curve at 260 nm considering the replaced PBS
volume.

Cytotoxicity assessment and cell growth monitoring. Before
cell culture, all the samples were sterilized by immersing in 70%
ethanol for 10 min. After drying under UV lamp in the clean bench for
more than 4 h, the cytocompatibility of ST-TNZ, STA-TNZ, MPCR-
TNZ, and RGO-MPCR-TNZ was assessed by MTT assay. MC3T3-E1
cells at a density of 2 X 10* were cultured on each sample for 72 h.
After that, media was exchanged with serum-free media and 2 mg/mL
of MTT solution was added in each well. The media was replaced with
DMSO after 2 h and the absorbance was measured at 520 nm with a
microplate reader (EMax microplate reader, Bucher Biotec AG, Basel,
Switzerland). The growth of undifferentiated MC3T3-E1 cells was
monitored by MTT assay on MPCR-TNZ and RGO-MPCR-TNZ
after culture for 1 day, 3 days, and 7 days. In addition, the morphology
of MC3T3-E1 cells cultured on MPCR-TNZ, RGO-MPCR-TNZ, and
Dex/RGO-MPCR-TNZ for 7 days was analyzed with a HR FE-SEM
(JEOL JSM-7401F, JEOL, Tokyo, Japan).

MC3T3-E1 cell differentiation. To study osteogenic differ-
entiation, preosteoblast of MC3T3-E1 cells at passage #5 (subclone
4) was cultured at a density of 2 X 10* in a 24-well cell culture flask
containing MPCR-TNZ, RGO-MPCR-TNZ, and Dex/RGO-MPCR-
TNZ. Osteogenic media of a-MEM containing 10 mM of glycerol 2-
phosphate and 0.2 mM of ascorbic acid (without Dex) was replaced
every day for a week. Nonosteogenic media was replaced for
nondifferentiation groups.

Characterization of MC3T3-E1 cell differentiation. The
calcium deposition of MC3T3-El cells cultured on MPCR-TNZ,
RGO-MPCR-TNZ, and Dex/RGO-MPCR-TNZ was analyzed by
Alizarin red staining using an Osteogenesis Assay Kit (ECMSIS,
Millipore, Bedford, MA) according to the manufacturer’s protocol.
The relative amount of Alizarin red from MPCR-TNZ, RGO-MPCR-
TNZ, and Dex/RGO-MPCR-TNZ was quantified with a microplate
reader at OD,;. For the analysis of ALP activity, cell lysates were
isolated using a cell lysis buffer at day 7 and ALP substrate buffer
containing S mM of p-nitrophenol (pNP) was added in each group.
After incubation at 37 °C for 1 h, the absorbance at 405 nm was
measured with a microplate reader. The ALP activity value was
normalized by protein content measured at 590 nm after Coomassie
blue staining. Osteocalcin immunofluorescence staining was carried
out after fixation of each group in 4% formaldehyde solution. Rabbit
primary antiosteocalcin antibody and FITC-labeled antirabbit goat
secondary antibody were used for the staining. Fluorescence images
were obtained with a Leica TCS-SPS-MP-SMD confocal system (Leica
Microsystems Wetzlar, Wetzlar, Germany). Real-time quantitative
reverse transcription polymerase chain reaction (RT-qPCR) was
performed for the analysis of osteogenic gene expression such as runt-
related transcription factor 2 (Runx2), osteopontin (OPN), collagen
type 1 (Col-1), and osteocalcin (OCN). The amplification primer
sequences were as follows: Runx2 (Forward: AAG TGC GGT GCA
AAC TTT CT and Reverse: TCT CGG TGG CTG GTA GTG A),
OPN (Forward: CTT TCA CTC CAA TCG TCC CTA C and
Reverse: CCT TAG ACT CAC CGC TCT TCA T), Col-1 (Forward:
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Figure 1. Schematic illustration for multipass caliber-rolled (MPCR) Ti alloy surface-modified with dexamethasone-loaded graphene for minimally
invasive application of dental implant with a high mechanical strength and a small diameter.

AGA GCA TGA CCG ATG GAT TC and Reverse: CCT TCT TGA
GGT TGC CAG TC), OCN (Forward: GGA CCA TCT TTC TGC
TCA CTC TG and Reverse: TTC ACT ACC TTA TTG CCC TCC
TG), and GAPDH (Forward: TCG GTG TGA ACG GAT TTG G
and Reverse: TCT CCA CTT TGC CAC TGC A). RT-qPCR using
Power SYBR Green PCR Master Mix was performed using a CFX-96
real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA).

RGO coating on MPCR-TNZ dental implants. A prototype of
MPCR-TNZ dental implant was prepared by machining along the
rolling direction, on which RGO was coated as described above.
Briefly, the MPCR-TNZ dental implant was immersed in piranha
solution for 1 h and then treated with 3% of APTES solution for 1 h.
After that, APTES-treated MPCR-TNZ was immersed in 4 mg/mL of
GO solution for 30 min on an orbital shaker (Jeiotech, Daejeon,
Korea). After removal of unabsorbed GO with a nitrogen gun, the
coated GO was reduced in hydrazine vapor.

Dental implantation of RGO-MPCR-TNZ in artificial bone
block. A prototype of MPCR-TNZ dental implant was implanted into
an artificial bone block provided from Dio Implant Co. (Busan,
Korea). Before implantation, tapped hole was formed using an
electrical motor drill. The stability of RGO coating on a screw shaped
MPCR-TNZ dental implant was analyzed by Raman spectroscopy and
SEM before and after implantation.

Dynamic fatigue test of MPCR-TNZ dental implant. Dynamic
fatigue test was performed according to ISO 14801. The direction of
implant assembly was set to be at an angle of 30 + 2° from the loading
direction. The load varied sinusoidally between a maximum value and
10% of it at a frequency of 2 Hz. All the prototype implant samples
were carefully rinsed with ethanol prior to commencing the fatigue
test. The test was carried out in PBS media until the fracture occurred.
A few samples withstanding 2 X 10° cycles were regarded to be
unbreakable under those conditions, as suggested in ISO 14801.

3. RESULTS AND DISCUSSION

3.1. Multipass caliber-rolling of Ti alloys. Figure 1
shows a schematic illustration of a Dex/RGO-MPCR-TNZ
implant with a high mechanical strength and a small diameter
for minimally invasive dental implantation. The high mechan-
ical strength MPCR-TNZ was surface-modified with RGO and
loaded with osteogenic Dex via 7 - 7 stacking for effective
osseointegration. MPCR Ti alloys were successfully prepared as
we reported elsewhere.” Then, the microstructure of prepared
Ti alloys was investigated by EBSD (Figure 2a). It is well-
known that the rapid cooling from a temperature above Ty
leads to the full @’ martensite."””*® In accordance, ST-TNZ was
composed of full @’ structure. Meanwhile, the reheating of ST-
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TNZ below T; decomposed the martensite into @ and f
phases. Our previous work also revealed the reduction of
martensitic transformation in this condition due to the
concentration of p-stabilizing elements in the S phase.”
Hence, STA-TNZ and MPCR-TNZ were consisted with (a +
f) two-phase structure. From the viewpoint of grain
morphology, similar structure was observed in ST-TNZ and
STA-TNZ. Both materials showed a lath structure containing
coarse grains (d = 2.1 + 0.5 ym for ST and d = 1.9 + 0.4 ym
for STA) with the static grain growth and f precipitation. In
contrast, MPCR-TNZ was consisted with equiaxed and
ultrafine grains (d = 0.3 + 0.1 pm, average of @ and ) due
to the dynamic globularization and grain refinement, proving
that the UFG structure was successfully induced by the MPCR
process.

3.2. Mechanical properties of MPCR Ti alloys. As shown
in Figure 2b, tensile properties of various Ti alloys showed
obvious differences among the materials. ST-TNZ recorded the
lowest yield stress (YS) and ultimate tensile stress (UTS). The
aging process subjected to STA-TNZ improved both proper-
ties. Moreover, the MPCR process enhanced the mechanical
properties even further. The YS and UTS increased by 80% and
45% in MPCR-TNZ, compared to ST-TNZ, respectively. In
addition, the hardness of MPCR-TNZ (282.4 + 4.2 HV) was
25% higher than that of ST-TNZ (225.3 + 4.8 HV) and similar
to that of STA-TNZ (279.6 + 4.0 HV). The results reflected
increasing Young’s modulus, as well as strength and hardness,
in STA-TNZ and MPCR-TNZ (Figure 2c). Remarkably, the
values of Young’s modulus were still lower than that of CP-Ti
(102—104 GPa) which is a conventionally used metallic
biomaterial." It should also be noted that MPCR-TNZ had a
similar Young’s modulus in comparison to STA-TNZ despite
its higher strength.

The ratio of YS to Young’s modulus, called mechanical
compatibility, has been utilized to evaluate the comprehensive
mechanical properties required for biomedical applica-
tions.”~>> The mechanical compatibilities were analyzed for
the tested alloys as well as the conventional metallic
biomaterials (Figure 2d)."** Ti alloys, including ST-TNZ,
generally provided good mechanical compatibilities around 8 X
1073, whereas Co—Cr—Mo alloy, 316L stainless steel, and CP-
Ti recorded lower values. STA-TNZ showed higher mechanical
compatibility than these materials. Moreover, MPCR-TNZ
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Figure 2. Microstructures and mechanical properties of Ti alloys. (a) EBSD phase map of ST-TNZ, STA-TNZ, and MPCR-TNZ where red and
green areas indicate /@’ and f3, respectively. (b) Uniaxial tensile properties where blue and red bars indicate YS and UTS, respectively. (c) Young’s
moduli measured by free resonance method. (d) Mechanical compatibilities of the present and conventional biomaterials. (e) A diagram of stress
amplitude vs number of cycles to fracture showing the fatigue resistance. Arrows indicate no fracture until a number of cycles of 2 X 10°.

exhibited the best mechanical compatibility of 11 X 107> due to
the significantly enhanced strength and maintained Young’s
modulus similar to that of STA-TNZ. The superior mechanical
properties of MPCR-TNZ can be interpreted in light of the
microstructural characteristics. First, the UFG structure
generated a number of barriers to dislocation movement,
resulting in the considerable grain-boundary strengthening.”*
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Second, the (a + f) phase structure provided the higher
strength and hardness than @’ martensite comprising ST-TNZ.”
In contrast to strength, Young’s modulus of material is not
influenced by a grain size,”> which explains the comparable
Young’s moduli between STA-TNZ and MPCR-TNZ despite
their different strengths. The result implies the advantage of
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Figure 3. Atomic force microscopy of (a) polished MPCR-TNZ and (b) RGO-MPCR-TNZ. (c) X-ray photoelectron spectroscopy of RGO-MPCR-
TNZ at carbons. (d) Raman spectroscopy of MPCR-TNZ and RGO-MPCR-TNZ.

MPCR process which strengthens a material without increasing
Young’s modulus further.

Fatigue resistance of the investigated materials was analyzed
using the diagram of stress amplitude vs number of cycles to
fracture (Figure 2e). Similar with other mechanical properties,
MPCR-TNZ exhibited a notably high-cycle fatigue resistance in
the entire range of interests. The fatigue limit, at which a
sample was not fractured until a loading cycle of 2 X 10°, was
determined to be 600 MPa. This performance was superior to
those of ST-TNZ (300 MPa) and STA-TNZ (375 MPa). The
high-cycle fatigue life correlates with the material strength in
general.”®”” An increased strength enhances a resistance against
fatigue fracture by retarding a crack initiation at surface or
subsurface regions.”” This is in good agreement with the
positive correlation between the fatigue limit and strength for
the investigated TNZ alloys. Thus, the superior resistance to
high-cycle fatigue fracture in MPCR-TNZ might result from its
enhanced mechanical strength.

3.3. Preparation and characterization of RGO-MPCR-
TNZ. After APTES functionalization on piranha-treated
MPCR-TNZ, negatively charged GO was electrostatically
adhered on positively charged MPCR-TNZ surface. Then,
GO-coated MPCR-TNZ was chemically reduced in hydrazine
vapor to obtain RGO-MPCR-TNZ. AFM image in Figure 3b
shows the same sheet morphology with the graphene structure
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on MPCR-TNZ surface, which was not observed in the
polished surface (Figure 3a). XPS analysis at carbon atoms on
RGO-MPCR-TNZ showed the successful coating of RGO
including C—C, C—0, C=0, and O—C=0 peaks (Figure
3c). Raman spectroscopy of RGO-MPCR-TNZ showed the D
band at 1350 cm™' and G band at 1580 cm™!, whereas no
significant Raman signal was observed in the case of MPCR-
TNZ (Figure 3d).

Contact angle was measured on ST-TNZ, STA-TNZ,
MPCR-TNZ, and RGO-MPCR-TNZ (Figure S1). No
significant difference in contact angle was observed among
the bare materials. However, RGO-MPCR-TNZ exhibited a
considerable increase in the contact angle due to the
hydrophobic surface characteristics of RGO on MPCR-TNZ.
After incubation of RGO-MPCR-TNZ in serum for 2 h,
hydrophobic RGO surface became hydrophilic, providing a
preferable condition for cells. All these data confirmed the
successful RGO coating on MPCR-TNZ.

3.4. MC3T3-E1 cell viability, attachment, and growth.
The cytocompatibility of ST-TNZ, STA-TNZ, and MPCR-
TNZ with and without RGO coating was assessed by MTT
assay after culture of MC3T3-E1l cells on each sample for 3
days. The RGO coated MPCR-TNZ showed slightly higher cell
viability without cytotoxicity than that of MPCR-TNZ (Figure
4a). The RGO coating on Ti alloys enhanced cell viability

DOI: 10.1021/acsami.5b03431
ACS Appl. Mater. Interfaces 2015, 7, 9598—9607


http://dx.doi.org/10.1021/acsami.5b03431

ACS Applied Materials & Interfaces

Research Article

(2)

~
=3
~

16
1.4 A

1.2 4

1.0 1

0.8 1
0.6 1
0.4 A

Relative Cell Viability

0.2

0.0

25
C— MPCR-TNZ
RGO-MPCR-TNZ -
= 20
S
[
© 15
°
(5]
=
5
[}]
X o5
0.0 -
1 3 7
Time (days)

Figure 4. (a) Relative cell viability on ST-TNZ, STA-TNZ, MPCR-TNZ, and RGO-MPCR-TNZ after culture for 3 days. (b) MC3T3-E1 cell
proliferation on MPCR-TNZ and RGO-MPCR-TNZ after culture for 1 day, 3 days, and 7 days. (c) SEM of MC3T3-El cells cultured on MPCT-
TNZ, RGO-MPCR-TNZ, and Dex/RGO-MPCR-TNZ from left to right for 7 days (scale bar = 50 pm).

despite its hydrophobic surface characteristics with a contact
angle of 77.6°. It is well-known that hydrophilic surface is
biocompatible compared to hydrophobic surface. However, in
the case of RGO coating, the rapid adsorption of serum protein
on graphene surface induces hydrophilic, cell-adhesive, and
biocompatible microenvironment.”® Indeed, the contact angle
after the adsorption of serum protein was considerably
decreased to 41.3° (Figure S1).

Chemicals or protein drugs can be easily loaded on graphene
surface by m—n stacking for effective osseointegration. For
example, Dex can be loaded as a gene regulating chemical drug
to induce osteogenic differentiation by increasing the tran-
scription of four and a half LIM domains 2 (FHL-2). The
loading efficiency of Dex on RGO-MPCR-TNZ was 31% after
drug loading for 24 h. Dex dissolved in DMSO showed a main
absorbance peak at 260 nm (Figure S2a). In vitro drug release
from RGO-MPCR-TNZ immersed in PBS at 37 °C was
monitored for a week. Because Dex is a hydrophobic drug, only
10% of total loaded Dex was released for a week, remaining on
RGO-MPCR-TNZ (Figure S2b). The stably loaded Dex on
RGO-MPCR-TNZ might induce long-term stimulation of stem
cells on RGO-MPCR-TNZ for osseointegration postimplanta-
tion. The high local concentration of Dex on the surface is
reported to facilitate osteogenesis.">

The proliferation of undifferentiated MC3T3-E1 cells
cultured on MPCR-TNZ and RGO-MPCR-TNZ for 1 day, 3
days, and 7 days was also monitored by MTT assay (Figure
4b). The MC3T3-El cells could grow and proliferate more
significantly on RGO-MPCR-TNZ than MPCR-TNZ. The
results indicate that coating alone with RGO did significantly
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improve cell proliferation, additionally making possible the
controlled drug release. The cell morphology and attachment of
MC3T3-El cells on MPCR-TNZ, RGO-MPCR-TNZ, and
Dex/RGO-MPCR-TNZ were visualized by SEM after culture
for 7 days. The cells cultured on DEX/RGO-MPCR-TNZ and
RGO-MPCR-TNZ showed well spread and flat morphologies,
whereas cells cultured on MPCR-TNZ showed rod like and
relatively elongated shapes (Figure 4c).

3.5. Differentiation of MC3T3-E1 progenitor cells. It is
important to facilitate the differentiation of stem cells into
osteoblasts on the surface of implant for osseointegration after
implantation surgery. Drug preloaded implant can be used as an
effective strategy for osseointegration. In particular, graphene
can be loaded with a hydrophobic osteogenic inducer of Dex to
increase the local concentration on the surface, resulting in
relatively fast and effective cell differentiation. The facilitated
differentiation of progenitor cells into osteoblasts was
confirmed by Alizarin red staining, immunofluorescence
imaging, alkaline phosphatase activity test, and RT-qPCR.
MC3T3-El cells cultured for 7 days on Dex/RGO-MPCR-
TNZ and RGO-MPCR-TNZ exhibited a significant improve-
ment in calcium-nodule formation compared to MPCR-TNZ
(Figure Sa). Confocal scanning laser microscopy showed
remarkable osteocalcin expression in cells on Dex/RGO-
MPCR-TNZ, whereas cells on RGO-MPCR-TNZ and
MPCR-TNZ were partially differentiated and nondifferentiated
(Figure Sb). On the other hand, cells cultured on MPCR-TNZ,
RGO-MPCR-TNZ, and Dex/RGO-MPCR-TNZ in nonosteo-
genic media exhibited relatively insufficient osteogenic
tendency (Figure S3). For the quantitative analysis of Alizarin
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Figure S. (a) Alizarin red staining and (b) immunofluorescence of osteocalcin in MC3T3-E1 cells cultured on MPCR-TNZ, RGO-MPCR-TNZ, and
Dex/RGO-MPCR-TNZ in osteogenic media (scale bar: black = S00 ym, white = 25 um). (c) Relative quantification of Alizarin red staining
normalized with the MPCR-TNZ group. (d) ALP activities of cells cultured on each sample in osteogenic and nonosteogenic medium.

red staining, the stained cells were harvested and analyzed with
a microplate reader at OD,s according to the manufacturer’s
protocol. As shown in Figure Sc¢, Dex/RGO-MPCR-TNZ
group showed the most significant calcium nodule deposition.
In addition, cells cultured in osteogenic media showed
enhanced ALP activity compared to cells cultured in non-
osteogenic media (Figure Sd). The cells on Dex/RGO-MPCR-
TNZ showed the highest ALP activity among all the other
groups.

The differentiation of MC3T3-E1 cells in each group was
quantitatively analyzed by RT-qPCR using osteogenic
expression markers such as Runx2, OPN, Col-1, OCN, and
GAPDH as a housekeeping gene (Figure 6). The relative
mRNA expression was calculated using competitive Ct methods
and the expression levels were normalized with respect to the
control cells differentiated on tissue culture polystyrene dish
(TCPS). MC3T3-El1 cells cultured on Dex/RGO-MPCR-TNZ
showed obviously higher expression levels of Runx2, OPN, Col-
1, and OCN than those grown on RGO-MPCR-TNZ, MPCR-
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TNZ and TCPS. The expression levels of Runx2, OPN, and
OCN from the cells cultured on MPCR-TNZ were comparable
to those of TCPS, whereas Col-1 showed a lower expression
level than that of TCPS. All these results confirmed and
supported the successful and facilitated progenitor cell
differentiation of MC3T3-El cells into osteoblasts on Dex/
RGO-MPCR-TNZ.

3.6. Implantation of RGO-MPCR-TNZ into artificial
bone block. For further applications, a prototype of dental
implant was prepared using MPCR-TNZ, which was surface-
modified with RGO. RGO could be easily coated on the surface
of MPCR-TNZ regardless of the material shape using the
solution dipping method. The prototype implant of RGO-
MPCR-TNZ was successfully implanted onto an artificial bone
block having similar mechanical and structural properties with
jawbone (Figure 7a). The RGO surface-modified on MPCR-
TNZ was characterized by Raman spectroscopy before and
after implantation. Typical D band and G band peaks were
observed from RGO-MPCR-TNZ, whereas MPCR-TNZ
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Figure 7. (a) Photoimage showing the implantation of a prototype implant prepared with RGO-MPCR-TNZ to an artificial bone block. Raman
spectroscopy of a prototype implant prepared with (b) MPCR-TNZ or RGO-MPCR-TNZ, and (c) RGO-MPCR-TNZ recovered after implantation.

showed no observable peaks (Figure 7b). More importantly,
the typical RGO Raman peak was also observed from RGO-
MPCR-TNZ recovered after implantation (Figure 7c). In
addition, the RGO coating on MPCR-TNZ was analyzed by
SEM. As shown in Figure 8, the remaining RGO in a sheet-
structure was observed on the surface of RGO-MPCR-TNZ. In
contrast, MPCR-TNZ showed only machining scratches on the
surface (Figure 8). The stable RGO on the prototype implant
of MPCR-TNZ even after implantation confirmed the
teasibility of RGO-MPCR-TNZ for clinical dental applications.
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The dynamic fatigue property of implant materials is one of
the important factors because a dental implant is directly
exposed to consistent masticatory movement. Although the
fatigue resistance of MPCR-TNZ was confirmed to be superior
in the uniaxial mode (Figure 2e), an implant is also required to
endure multiaxial loads in most clinical cases. It is noted that
fatigue property can vary depending on the experimental
environment (eg, in the air or in the aqueous solution).
Accordingly, dynamic fatigue property of RGO-MPCR-TNZ
was evaluated under the physiological condition (in PBS at 37
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°C) to confirm the enhanced mechanical properties in the form
of actual dental implant. As shown in Figure 9, the implant
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Figure 9. Dynamic fatigue properties of a prototype implant in a
biological condition. The arrows indicate that sample was not fractured
until a number of cycles of 2 X 10

prototype of RGO-MPCR-TNZ exhibited superior fatigue
resistance to ST and STA groups. RGO-MPCR-TNZ resisted a
fatigue load of 916 N or less until a number of cycles of 2 X 106,
whereas ST-TNZ and STA-TNZ easily fractured under the
same conditions. These results indicate that the implant
material developed in this work has a remarkable resistance
to fatigue fracture in both uniaxial and multiaxial conditions.
In a viewpoint of dental implantation, the improvement of
mechanical properties is an important issue because a small-
sized implant is required for patients who have insufficient bone
or gum tissues for implantation. The Dex/RGO-MPCR-TNZ
implant fixture with a diameter of 2 mm can sustain the same
amount of load taken by the conventional 3 mm Ti product
due to the two times higher strength. The dynamic fatigue
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experiment in physiological condition proved the superior
fatigue resistance of the implant prototype, reflecting the
enhanced mechanical stability and the possibility of prolonged
product lifetime. RGO coating on Ti surface could be easily
performed not only on 2D flat surface but also on 3D structure,
especially screw shaped implant. The drug-loaded implant
materials can stimulate and facilitate cellular response around
implant surface to reduce the osseointegration time. The RGO
coating strategy on Ti alloys with controlled drug delivery is
expected to be applied for various dental and biomedical
applications.

4. CONCLUSION

We successfully prepared a high mechanical strength Ti alloy
using the MPCR process for dental applications. The strength
of MPCR-TNZ increased considerably, maintaining the
Young’s modulus in a similar level with that of the conventional
STA-TNZ. The surface of MPCR-TNZ was easily modified
with RGO and loaded with an ostegoenic chemical drug of Dex
by m—n stacking. The drug loaded RGO-MPCR-TNZ resulted
in effective and facilitated differentiation of MC3T3-E1 cells to
osteoblasts, showing remarkable expression of ostegenic
expression markers such as Runx2, OPN, Col-1, and OCN.
Also, RGO-MPCR-TNZ showed enhanced calcium nodule
deposition and ALP activity. The implantation of a prototype
dental implant prepared with RGO-MPCR-TNZ to an artificial
bone block revealed the feasibility of stable RGO surface
modification for further applications. The high mechanical
strength dental implant of Dex/RGO-MPCR-TNZ can be
effectively applied to minimally invasive dental implantation.
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