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Abstract: Two-dimensional (2D) graphene oxide (GO) exhibits a high drug loading capacity per unit
mass due to its unique structure and hydrophilicity and has been widely researched for drug-delivery
systems. Here, we modified the surfaces of metal implants; we applied GO-based coatings that
controlled drug loading and release. We used electrophoretic deposition (EPD) to apply the coatings
at room temperature. The EPD coatings were analyzed in terms of their components, physical
properties such as hardness and hydrophilicity, and in vitro cell tests of their biological properties.
Uniform GO-EPD coatings improved surface hydrophilicity and hardness and greatly improved the
bone differentiation properties of the metal substrate. Drug loading and release increased greatly
compared to when the drug was adsorbed to only the surface of a coating. GO facilitated deposition
of a drug-containing coating via EPD, and the surface modification, and drug loading and release,
were controlled by the thickness of the coating.
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1. Introduction

Metals are widely used to replace damaged bones, especially load-bearing bones [1].
Any metal is a bioinert material, the use of which raises concerns about (poor) biocompati-
bility, inappropriate mechanical properties, and inflammatory/immune reactions caused
by metal ion dissolution [2]. Surface modifications of dental or orthopedic metal-based
implants enhance biocompatibility and functionality [3,4]. Surface treatments may be
physical, chemical, or biological in nature. Physical methods may alter the surface mor-
phology to induce attachment to regenerated bone, or oxidize the implant surfaces to
increase hydrophilicity and reduce corrosion caused by micro-arc oxidation and anodiz-
ing [5]. Chemical methods alter the surface of implants without significantly affecting
their bulk properties, yielding hard, wear-resistant hydrophilic surfaces. The various
techniques include chemical vapor deposition (CVD), plasma vapor deposition (PVD), ion-
beam deposition (IBAD), grafting techniques, and the use of self-assembling monolayers
(SAMs) [6-9]. Biological methods effectively improve the biological properties of bioinert
metal implants [10].

Synthetic biomimetic strategies enhancing the functionality of metal-based implants
have focused principally on the addition of biomolecules to implant surfaces. Growth
factors and protein-mimetic peptides improve the interactions between the implant and
the biological environment, with preservation of the bulk implant’s mechanical proper-
ties [11]. Reactive groups are required for biomolecular tethering. However, bioinert
metal surfaces lack such groups. Surface active groups (e.g., -OH, -COOH, and -NH2)
are essential for surface modification. Oxygen-terminal carbon-based materials facilitate
strong physisorption of biomolecules to carbon-based materials [12].
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Graphene oxide (GO) contains several reactive oxygen groups (e.g., C=0O, COOH,
OH, and C-O-C), suspends well in water, and interacts with biomolecules and drugs. The
unique flake-type two-dimensional (2D) structure is associated with high drug loading per
unit of GO mass; the GO surface area is high. GO exhibits good mechanical properties, good
biocompatibility (especially in terms of osteoconductivity), and good antimicrobial activity.
GO is an optimal coating for orthopedic implants [13,14]. There are many reports that
carbon-based materials, such as graphene, combined with biomolecules (BM) are effective
in regenerating bone tissue. Examples include complexes of carbon-based materials with
BM such as BMP-2, FGFs, and Simvastatin [15-17]. In addition, these complexes have been
produced in various forms, including film, coating, particles, scaffolds, and fibers, and the
properties analyzed and widely applied in implants research for tissue regeneration [18-21].
Biomimetic surface modifications enhance implant function; however, biomolecules are
vulnerable to high temperatures, strong acid/base conditions, and chemical solvents [22].
Therefore, many studies use natural biopolymers as a base material that can be processed
in aqueous conditions to prevent the stability of biomolecules, or incorporate biomolecules
after the fabricating process of base materials is completed [21,23]. In particular, the
surface modifications of metal implants require the gentle condition for all processes
including the preparation of BM-combined composites and deposition of them on the
surface. The electrophoretic deposition (EPD) method can be used to form coatings from
aqueous solutions at room temperature. EPD deposits colloidal particles in an aqueous
electrolytic bath onto substrates. The coating time is short, and the coatings are uniform
and continuous [24,25]. EPD has been used to produce graphene films, graphene-based
reinforced composites, complex materials, interleaved porous structures, and nanoparticle-
spaced graphene films [26]. To modify the surfaces of implants used for hard-tissue
engineering, researchers have sought to reduce internal corrosion, increase hardness, and
enhance biocompatibility by the addition of biopolymers; however, few studies have
explored combinations of GO with therapeutic drugs. We are the first to use EPD to
develop GO-biomolecule (GO-BM) hybrid coatings of controllable thickness; the coatings
contain large amounts of drugs. If BMs are exposed on an implant surface, an additional
layer is required to protect the BMs from loss or denaturation during transplantation.
Our method reduces BM damage and allows control of drug loading and release. It
is a technology applicable to drug-eluting stents or orthopedic implants development,
which is expected to lead to enhanced therapeutic effects. In this study, GO-EPD coatings
for biomedical applications were evaluated in terms of composition, physical properties,
cellular interactions, and drug release [27-30].

2. Materials and Methods
2.1. Materials

Titanium plates (bare Ti of grade 2, Titanart, Incheon, Korea) served as EPD substrates.
The plates were polished with 800- and 1200-grit silicon carbide paper and ultrasonically
cleaned in acetone, ethanol (Duksan, Ansan, Korea), and distilled water (5 min for each
bath). Single-layer GO was from Graphene Supermarket (Ronkonkoma, NY, USA). Ethanol
(Duksan, Ansan, Korea) was 99.6% pure. Green fluorescence protein (GFP) and bone
morphogenic protein-2 (BMP-2) were supplied by Genoss, Gyeonggi-do, Korea.

2.2. Electrophoretic GO Deposition

A GO suspension (500 pg/mL) was prepared in 80% (v/v) ethanol and sonicated for
15 min. Ti plates were submerged in the suspension at 1 cm from the cathode, and EPD
proceeded at 10 mA for 1 min. The plates were then dried and stored in a desiccator. Prior
to biological tests, the coated plates were sterilized with 70% (v/v) ethanol. EPD was also
used to prepare drug-eluting coatings; the test BMs were GFP and BMP-2. Various amounts
of the BMs (10, 25, 50, and 100 pg/mL) were added to GO suspensions or GO-coated Ti
plates, magnetically stirred for 3 h, and EPD was performed or drug release was assessed.



Metals 2021, 11, 899

30f12

2.3. Characterization

The surface morphology and coating thicknesses were studied via scanning electron
microscopy (SEM; JSM-6510, JEOL Ltd., Tokyo, Japan). X-ray diffraction (XRD; Ulima IV,
Rigaku, Tokyo, Japan) was used to define the phase compositions of Ti and GO-coated Ti.
The test voltage was 40 kV and the current was 40 mV; Cu-K« radiation was delivered
(A = 1.540598 A) over a 20 range of 5-70° with a step size of 1° and a count time of 1
min/step. A Raman spectroscopy (DXR2xi, Thermo Fisher, Waltham, MA, USA) was
performed at 532 nm. Zeta potentials were measured using a Zetasizer (Nano-ZS, Malvern
Instruments, Malvern, UK) with water as the dispersant. The electrophoretic mobilities
of suspensions were converted to zeta potentials. An X-ray photoelectron spectroscopy
(XPS; Axis Supra, Kratos, UK) was performed with the aid of focused, monochromatized
Al Ka radiation (hv = 1486.6 eV). An atomic force microscope (AFM) (Bruker Dimension
Edge, Middlesex County, MA, USA) was used to characterize surface microstructure and
morphology. Coating hardness was measured using a Vickers indenter (HM-221, Mitutoyo,
Kanagawa, Japan) at a load of 0.98 N. Contact angles (D7334-08 device, ASTM, Montgomery
County, PA, USA) were used to measure the surface wettabilities of Ti and GO-coated
Ti plates.

2.4. BM Loading and Release

BM (100 pg/mL) loading and release into/from GO before and after GO-EPD were
evaluated by visualizing the GFP via confocal laser scanning spectroscopy (CLSM, Zeiss-
LSM510, Carl Zeiss, Oberkochen, Germany). The extent of fluorescence reflected the BM
level. BM loaded onto and then released from GO-BM/Ti coatings was measured by ELISA
after immersing the complexes in phosphate-buffered saline (PBS) pH 7.4 at 37 °C for up to
20 days. The PBS was replaced at defined intervals. The released BM levels were measured
by deriving optical absorbances at 490 nm using a microplate reader (SpectraMax M series,
Molecular Devices, San Jose, CA, USA).

2.5. Cell Morphology

For the in vitro cell tests, mesenchymal stem (mMSC) cells were isolated from mouse
(5 weeks, male) bone marrow harvested from the tibia and femoral marrow compartments,
then cultured in general cell media, utilizing Dulbecco’s Modified Eagle’s Medium (DMEM,
Welgene, Gyeongsan, Korea) supplemented with 10% fetal bovine serum (FBS, Gibco, Eri
County, NY, USA), and 1% penicillin/streptomycin (P/S, ThermoFisher, Waltham, MA,
USA) at 37 °C, with 5% CO,, and at 90% humidity. Cells were seeded onto Ti and GO-
coated Ti plates at 1 x 10* cells/mL. After being cultured for 4 h or 3 days, cells were fixed
in 4% (v/v) paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) with Triton X-100
for 10 min and rinsed three times in PBS. Then, 200 pL of Alexa 647 (red) and 488 (green)
solutions (Thermo Fisher Scientific, Waltham, MA, USA) were added to each well followed
by incubation for 1 h. The stained cells were rinsed three times with PBS and observed
under a confocal laser scanning microscope.

2.6. Alkaline Phosphatase (ALP) Activity

Alkaline phosphatase (ALP) activity was measured after 7 days of culture using the
para-nitrophenyl phosphate assay (Takara, Tokyo, Japan) according to the manufacturer’s
protocol. Cells were washed in DPBS and lysed in 0.1% (v/v) Triton X-100. Proteins in
the extracts were quantified using a BCA protein assay kit (Takara, Tokyo, Japan). The
absorbance of the reaction product was measured at 405 nm. ALP activity was normalized
to the total protein content.

2.7. Alizarin Red S Staining to Detect Mineralization

Alizarin Red S (ARS) staining was used to detect extracellular calcium deposits gener-
ated by 14 days. Cells were washed twice in DPBS, fixed in 4% (v/v) paraformaldehyde
for 15 min, and stained with 2% (w/v) ARS solution (pH 4.2). The cells were then washed
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three times with distilled water and dried at room temperature. Mineralization-positive
cells were stained red. To quantify staining, the stain was extracted into 10% (v/v) acetic
acid for 30 min, followed by neutralization (ammonium hydroxide), and the absorbances
were read at 405 nm.

2.8. Statistical Analysis

The quantitative results of the in vitro cell tests were collected in at least three repli-
cates from each test group. The statistical analyses were performed using a t-test, and
comparisons between groups were analyzed by a one-way analysis of variance test. The
differences with a p value < 0.05 were considered statistically significant (* p < 0.05).

3. Results and Discussion
3.1. Preparation of GO-Coated Ti Plates

GO-coated Ti plates were prepared via EPD at room temperature. A schematic is
shown in Figure 1a. Hydrophilic GO bound BMs between the many GO layers (Figure
1b) [31]. Prior to EPD, BM was conjugated onto GO sheets and the complexes were evenly
dispersed in electrolytic baths with 80% (v/v) ethanol; EPD followed. The GO coatings
thus contained internal BM. The schematic of Figure 1b shows how BM was attached
after the GO coating. The GO coating thickness can be controlled when modifying metal
implants; the coating can contain large amounts of BM. If the BM were to be exclusively
surface-attached, a protective layer would be required. Our method removed the need for
such a layer [32].
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Figure 1. Schematic diagram of electrophoretic deposition (a). The coating layers termed Post-BM/Ti
and GO-BM/Ti (b).

3.2. Characterization of GO-Coated Ti Plates

GO coating morphology and thickness depend on the EPD time, voltage, current, and
GO concentration. Figure 2a shows photographs of bare Ti and GO-coated Ti plates. After
EPD, the Ti substrate was uniformly covered with brown GO. Figure 2b,c,e shows SEM
images of bare and GO-coated Ti plates; a short deposition time created thin films and a
long deposition time created thick films.



Metals 2021, 11, 899

50f12

(a)
Bare Ti GO-coated Ti
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GO-coated, Ti ‘M "
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GO layer
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Figure 2. Optical surface images (a). SEM image of a bare Ti surface (b). Images of Ti plates coated
thinly and thickly with GO (the arrows indicate GO flakes) (c,e). Cross-sectional views of thin and
thick GO coatings (d,f).

Figure 2c,e shows the morphologies of (smooth) bare and GO-coated Ti plates. Cross-
sections were prepared to measure coating thickness by EPD time. Increasing the time
from 30 to 600 s increased the coating thickness. Figure 2d shows that the 30-s layer was
less than 300 nm thick; Figure 2f shows that the 10-min thickness was approximately 4 pm.

The coated GO layer was analyzed by X-ray photon and Raman spectroscopy, and
an X-ray diffraction analysis. The XPS spectra of GO-coated and bare Ti revealed titanium
(Ti2p), oxygen (Ols), and carbon (Cls) (Figure 3a). The Ols peak was attributable to
adsorbed hydroxides and oxides; both specimens showed peaks at 531.9 eV. The Ti2p3/2
oxide peak at 458.5 eV was typical of Ti. The C1s peak was most often used to measure oxide
levels, but the peak was weak for bare Ti. The Cls of GO featured several binding energy
configurations, at 284.8, 285.1, 286.3, and 288 eV for sp2, sp3, and the C-O (epoxy/hydroxyl),
and O-C50 (carboxyl) groups, respectively. The sp2 carbon (284.8 eV) was the major feature
of the Cl1s profile, indicating the presence of GO, which was generally identified by the
three characteristic Raman G, D, and 2D bands [33]. The Raman spectrum of GO showed
the D band (sp3) at 1350 cm~! and 1344 cm~! and the G band (sp2) at 1604 cm~! and
1601 cm™~!; bare Ti lacked these bands (Figure 3b) [34]. Figure 3c shows the XRD patterns.
The typical diffraction peaks of Ti (those of the JCPDS card no. 44-1294) were observed.
GO-coated Ti exhibited a broad peak at 26°, indicating between-graphene m— stacking [35].
Hexagonal crystals of graphene or graphite were associated with characteristic peaks in the
(002) and (111) planes [36]. Thus, GO clearly coated the Ti, and EPD rendered the coating
uniform and thickness controllable.

Figure 4a,b shows the contact angle hydrophilicities and indentation hardness values,
respectively. GO coating dramatically improved Ti hydrophilicity and hardness, reflecting
the outstanding mechanical properties (Young’s modulus ~1 Ta) of GO [37-39]. When
metal-based implants are transplanted, strong friction and shear stresses can damage their
surfaces [40]. Many coatings have been used to strengthen the surfaces [41]. Here, we
simply coated GO using EPD.
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Figure 3. EPD characterization of GO-coated Ti and bare Ti. XPS spectra (a). Raman spectra (b). XRD
patterns (c).
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Figure 4. Contact angles (a) and Vickers hardness values (b) of bare and GO-coated Ti (p < 0.05).

3.3. In Vitro Cellular Responses

GO exhibited good biocompatibility and osteo-conductivity; we used CLSM to evalu-
ate the effects of coating on stem cells, and the extents of ALP activity and mineralization
compared to those of bare Ti [42—44]. Figure 5a shows CLSM images of cells cultured for
3 days. The cells were well attached, spread by 4 h, and grew over the 3 days. Neither
cell attachment nor proliferation differed between the samples. To evaluate the initial
(and later) osteogenic differentiation of stem cells cultured on a GO-EPD layer, cells were
cultured for 7 and 14 days in a non-osteogenic culture medium. Cellular ALP activity was
significantly enhanced by the GO coating. After 14 days of culture, the cellular calcium
levels were measured (Figure 5c). Cells cultured on GO-coated Ti exhibited slightly more
calcium deposition than those cultured on bare Ti. Not only was GO-coated Ti non-toxic
but also GO facilitated early osteogenic differentiation [42—44].
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Figure 5. In vitro cell test results. Cell attachment revealed by CLSM (a). Alkaline phosphatase (ALP)
activity of mMSCs after 7 days of culture (b). Alizarin Red S (ARS) staining after 21 days of culture
(*p <0.05) (c).

3.4. BM-Loading GO

GO served as both the BMP-2 loading agent and the coating. 2D flaked GO readily
binds BMs; the carbon honeycomb induces BM adsorption driven by the Van der Waals
force [45]. After attachment of various levels of BMP-2 to GO, BMP-2 adhesion to GO was
assessed by the AFM, the Zetasizer, ELISA, and XPS. An AFM is usually employed to
measure graphene thickness. As shown in Figure 6a, a blue line across the single graphene
is specified and the roughness of the specimen is measured along the line. Figure 6a
shows the representative AFM images of pristine GO and BM-combined GO. The AFM
analysis was performed to observe the thickness change of GO combined with BM (BMP-2).
The Rz value of GO and GO-GM were 4.10 & 0.26 nm and 5.74 & 0.61 nm, respectively.
This was an increase in thickness induced by BMP-2, indicating that GO and BMP-2 were
well combined.

Figure 6b shows the zeta potentials of GO with different BMP-2 concentrations; all GO
coatings were deposited on the positively charged electrode. The zeta potential confirmed
that EPD was in play, and that the GO and BM combination was efficient. The negative
GO potential facilitated BMP-2 attachment. At a high concentration of BMP-2, the GO-BM
zeta potential became more electropositive. Thus, BMP-2 adsorption to GO increased with
increasing BMP-2 concentration, but the GO-BM potential remained negative; there was no
need to switch the EPD anode and cathode. Figure 6c shows that at concentrations of 25
and 50 ug/mL, approximately 85% of BMP-2 became attached; the absolute concentrations
of unattached BMP-2 were approximately 3.7 and 7.5 ug/mL, respectively. To minimize
BMP-2 wastage, we used a BMP-2 concentration of 25 pg/mL in subsequent experiments.
XPS revealed the components of the GO-BM coating (Figure 6d). The C peak and O peak
of GO-coated Ti and GO-BM-coated Ti appeared at 285 and 532 eV of binding energy,
respectively. Compared to GO-coated Ti, GO-BM-coated Ti (Figure 6d) exhibited a higher
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N1s peak at 399 eV, attributable to the -C5N or -CN bonds caused by the N atom in the
amino acid of BMP-2 [46,47].
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Figure 6. AFM observations of pristine GO and BM-combined GO (GO-BM) (a). The zeta potential
of BM-combined GO as a function of the BMP-2 concentration (b). Characterization of GO-BM
combinations by ELISA (c). XPS spectra of Ti with GO-BM coatings (GO-BM/Ti) and GO-coated
Ti (d). The BM indicates BMP-2.

The GO-BM (BMP-2) coating layer was evaluated in more detail using XPS (Table 1).
Ti, C, O, and N were detected in bare Ti, and the GO and GO-BM coatings; however,
the N atomic ratio was highest in the latter coating. While the Ti and O proportions
fell significantly in the GO-BM coating, the C proportion was higher than those of other
surfaces. Most biomolecules have amine and carboxyl groups; the N and C levels were thus
highest in the GO-BM coating, indicating that EPD successfully formed such a coating [48].

Table 1. XPS component analyses of coating layers.

Amount (At. %) Bare Ti GO GO-BM
Ti 13.45 9.88 51

C 44.57 51.3 64.5

@) 39.79 35.69 26.59

N 217 3.13 3.82

EPD forms uniform coatings. We compared GO-GFP, GO-BM, GO-coated Ti, and
bare Ti. Figure 7 shows BM adhesion both photographically and as revealed by CLSM
(Figure 7a—c). Compared to bare Ti, GO-coated layers had weak green fluorescence. To
observe the surface of GFP-containing GO, we used adhesive tape to separate the GO-
BM coating from bare Ti. The CLSM boundary data of Figure 7c show that more green
fluorescence emanated from the BM-coated region. The weak green fluorescence of bare
Ti may indicate that the GO-BM (GFP) suspension penetrated the adhesive tape during
EPD. Unlike the surface of GO-coated Ti, a surface coated with GO-BM exhibited strong
fluorescence. SEM (Figure 7d) revealed aggregates (red arrows) on the GO-BM coating. The
combination of two substances during GO-BM formation was associated with aggregation
or sinkage. Thus, EPD featured continuous stirring that minimized sinkage but did not
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completely prevent aggregation. Therefore, the green fluorescent aggregates were thought
to be GO-BM complexes.

(a) (b)

E Bare Ti GO-coated Ti

Figure 7. Optical and CLSM images of BM attachment: bare Ti (a), GO-coated Ti (b), and GO-
BM/Ti (c). CLSM evaluation of GO-BM/Ti was performed on a region with a GO-BM layer and a
region of bare Ti. SEM image of Ti with a GO-BM coating (d). The BM indicates GFP.

3.5. BM Release from GO-Coated Ti

BM release was assessed via CLSM and ELISA. Figure 8a shows fluorescence images
of BM that remained in the GO-BM coating after soaking for various times in PBS. Over
20 days, the fluorescence intensity fell continuously, indicating sustained BM release from
the GO-BM coating layer. Figure 8b shows the cumulative amounts of BM released over
time. Ti exposed to BM after GO coating and Ti coated with the GO and BM combination
are indicated by Post-BM and GO-BM respectively. BM was slowly and steadily released
over an extended period. During up to 10 days (240 h) of analysis, both samples released
similar amounts of BM. However, after 20 days, the total amounts of BM released from
GO-BM/Ti and Post-BM/Ti were approximately 79.9 and 24.5 ug, respectively. CLSM
revealed no significant reduction in fluorescence intensity during release up to 10 days;
however, on day 14, major decreases in fluorescence intensity were evident, in line with
the release profiles. After 10 days, BM was no longer released from the Post-BM/Ti sample;
however, GO-BM/Ti then exhibited continued rapid BM release, unlike the previous steady
release profile.

@ g4 3d 7d (b)
g,m_ B eyl
2
@ 804
b
KT

10d 14d 20d 2

('; 20 ) ,é - —_i
§ r"i

Release Time (h)

Figure 8. Release behaviors of BM (GFP). CLSM fluorescence images of BM remaining in GO-
BM/Ti (a). BM release profiles over time (b).
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We found that BM pervaded the coating, and we demonstrated how to modify metal
implants to ensure stable long-term BM release. The coating thickness controlled the
amount and rate of BM release. Room temperature EPD coated undamaged BMs; it was
easy to adjust the coating thickness. GO readily adsorbed BMs. High-quality coatings of
varying (controllable) thickness formed rapidly. BM loadings were high, because the BMs
were not (only) surface-attached.

4. Conclusions

We used EPD to modify metal surfaces to stably and slowly deliver BMs. GO coating
increased surface hydrophilicity and hardness and ALP activity (a feature of osteogenic
differentiation). Hydrophilic GO combined with BMs to form GO-BM complexes that
uniformly coated a metal. Coatings with internal (not only surface-attached) BMs were
optimal, and will find many applications in medicine.
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