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Abstract Titanium metal has good biocompatibility,
superior mechanical properties and excellent corrosion
resistance. Like most metals, however, it exhibits poor bio-
active properties and fails to bond to bone tissue. To improve
its bioactivity, bioactive molecules, such as peptides, can be
grafted onto titanium surfaces. In order to do this, the first
step may be to establish a stable and compatible linking layer
on the titanium surface. In this study, we used electro-
chemical methods to deposit gold (Au) nanoparticles onto
titanium substrates, to which we then grafted arginine-gly-
cine-asparagine-cysteine (RGDC) peptides by thiolate
covalent coupling. Properties of electrodeposited Au nano-
particles were evaluated using a variety of techniques,
including microstructural, chemical and electrochemical
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measurements. The biological responses of the RGDC-
grafted Ti substrates were evaluated using MG3 human
osteoblast-like cells. The results of thin-film X-ray diffrac-
tion (TFXRD) and scanning electron microscopy (SEM)
indicated the polycrystalline orientation of Au nanoparticles
deposited on the titanium surfaces with high density and
controllable particle size. The RGDC peptide could be
covalently bonded to Au-deposited Ti substrates via
Au-thiolate species, as expected. Cell morphology showed
that, on RGDC-immobilized titanium with Au particles,
MG63 cells attached and spread more rapidly than on Ti
substrates either without peptide or with direct loading of the
peptide. Immunostaining for focal adhesion kinase (FAK)
demonstrated that RGDC enhanced cell attachment. The
present method for the formation of Au nanoparticles
may serve as an alternative route for bioactive molecule
immobilization on Ti implants.

1 Introduction

Over the past few decades, considerable effort has been
devoted to the development of surgical implant metals for
load-bearing prosthetics. Metals like titanium, cobalt-chro-
mium alloys and stainless steel have been the focus of most
investigations because they have superior mechanical
properties. The most promising materials are titanium and
titanium alloys because of their excellent biocompatibility
and higher resistance to corrosion [1]. However, like most
metals, titanium has poor bioactive properties and fails to
bond to bone tissue [1-3]. Many researchers have attempted
to improve the bioactivity of titanium surfaces by creating
bioceramic coatings or by modifying the implant surface
[3-10]. For example, Nagai et al. [7] showed that coating
titanium implants with collagen enhanced the attachment of
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peri-implant soft tissue to the titanium shortly after
implantation. The immobilization of bioadhesive molecules,
such as peptides, proteins or growth factors, on titanium
surfaces via covalent bonding is another strategy for the
purpose of inducing specific cell responses [10—17]. Nanci
et al. [10] functionalized oxidized titanium surfaces with
covalently bonded biomolecules, such as alkaline phospha-
tase or albumin, using an intermediary aminoalkylsilane. A
short chain peptide commonly present in the extracellular
matrix, such as the Arg-Gly-Asp (RGD) peptide, is able to
promote cell attachment, proliferation and differentiation.
Xiao et al. [13] applied a three-step reaction procedure,
including pretreatment, silanization and cross-linking, to
introduce RGD-containing peptides onto a titanium surface.

Gold has been widely used in many applications
because of its biocompatibility and other specific prop-
erties. Studies have reported that thiol (-SH) groups could
be grafted onto gold surfaces via a strong covalent link-
age [18], through which the immobilization of a biomo-
lecular layer can be carried out. Nano-sized gold metals
have specific optical, physical, chemical and superior
catalytic properties, as well as relatively high surface
area-to-volume ratios compared to their bulk material.
Several methods have been developed for the fabrication
of nano-sized gold particles, such as chemical reduction
[19], deposition—precipitation [20] and electrochemical
deposition [21]. Among these techniques, electrochemical
deposition is a promising technique for preparing nano-
particles due to its ease of use and low cost of imple-
mentation. Li et al. [22] improved the sensitivity of
DNA-binding drug impedance sensors by electrodeposit-
ing gold nanoparticles on Au electrodes.

The classical immobilization schemes for biomolecules
on titanium involved silane monolayers [6, 10, 13, 14],
which required several modification steps. In addition, the
silane layers may be hydrolyzed under physiological con-
ditions [23]. An ideal, simple and effective immobilization
method could be based on a biocompatible and stable lin-
ker that can simultaneously bond to titanium and peptides.
The purpose of this study was to electrochemically deposit
gold nanoparticles onto titanium substrates, followed by
the grafting of an RGDC peptide, to improve the biological
properties of titanium implants. To the best of our
knowledge, few studies on the electrodeposition of Au
nanoparticles on titanium surfaces have been reported.
Hence, the first step was to evaluate the feasibility of
adding nano-structured Au onto titanium surfaces using an
electrodeposition method. Secondly, to immobilize RGDC
peptides onto nano-Au-deposited titanium surfaces via
thiol (—SH) groups was performed. Finally, the effect of the
RGDC peptide on the attachment behavior of MG63 cells
was examined.
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2 Materials and methods
2.1 Electrodeposition of Au nanoparticles

Grade 2 commercially available 1-mm thick titanium plates
(99.6 at.%, grade 2, Spemet Co., Taipei, Taiwan) of
10 x 10 mm? were selected as the working electrodes. The
plates were mechanically polished with 1,200 grit SiC
paper. After that, the substrate surface was ultrasonically
cleaned in acetone, 30% HNO5 and water for 10 min each
and then air-dried. The electrodeposition of gold particles
was performed in a three-electrode cell connected to a CHI
660A electrochemical system (Austin, TX). Platinum plate
and Ag/AgCl were used as the auxiliary and reference
electrodes, respectively. The electrochemical deposition of
gold nanoparticles was performed in 0.5 M H,SO, solution
(J.T. Baker, Phillipburg, NJ) containing 0.5 mM NaAuCl,
(sodium tetrachloroaurate (III) dihydrate, NaAuCl,-2H,O,
Sigma, St. Louis, MO) at room temperature by employing a
potential step from 0 to —3 V. By varying the deposition
time (5, 30, and 60 s), gold nanoparticles with different
sizes were deposited onto Ti electrodes. Afterwards, the
electrode was removed from the plating cell and washed
thoroughly with distilled water and air-dried.

2.2 Morphology and phase composition of Au
nanoparticles

Phase and surface morphology of the Ti specimen surfaces
following gold electrodeposition were analyzed by TFXRD
(Rigaku D/MAX2500, Tokyo, Japan) and SEM (JEOL
JSM-6700F, Tokyo, Japan) equipped with an energy dis-
persive spectrometer (EDS). An atomic force microscope
(AFM, NS3a controller with D3100 stage; Digital Instru-
ments, Santa Barbara, CA) was also used to observe the
nanostructure of Au particles on the Ti substrate. The AFM
system was operated in air by the tapping mode using a
silicon cantilever with a sharp tip at its end that was used to
scan the specimen surface. The images of 3 x 3 um area
were obtained with the scan rate of 1 line/s and 512
number of sampling per line.

2.3 Electrochemical measurements of Au nanoparticles

Electrochemical evaluation, including electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV)
in a conventional three-electrode cell, was performed using
an IM6e impedance analyzer (Zahner, Elektrik, Kronach,
Germany). A Ag/AgCl plate and a platinum plate were used
as the reference electrode and the counter electrode,
respectively. Unless otherwise noted, 0.5 M phosphate
buffer solution (PBS, pH 7.0) containing 2.5 mM Fe(CN)g_/ 4=
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(1:1) redox couple (Sigma, St. Louis, MO) was used as the
supporting electrolyte in the electrochemical measurements.
The CV potential was scanned from —0.6 to +0.5 V atascan
rate of 100 mV/s. In EIS measurements, a 5 mV amplitude
sine wave was applied to the electrode at the open circuit
potential of 0.4 V in the tested frequency range of 1 Hz to
100 kHz.

2.4 Peptide immobilization and evaluation

For RGDC immobilization, 100 pl of the 0.1, 1 or 10 mM
RGDC solution in deionized-distilled water was sprayed
onto the coating surfaces for 3 h at room temperature. The
specimens were then washed with deionized-distilled water
several times and dried at room temperature. The efficacy
of peptide grafting was measured by high resolution X-ray
photoelectron spectroscopy (XPS, PHI Quantera SXM,
ULVAC-PHI, Kanagawa, Japan) equipped with a scanning
monochromatized Al X-ray source and 180° spherical
capacitor analyzer.

2.5 Cell culture

Cell biocompatibility was evaluated by incubating the speci-
mens with MG63 human osteoblast-like cells (BCRC 60279,
Hsinchu, Taiwan). Prior to cell incubation, the specimens
were sterilized by soaking in a 75% ethanol solution followed
by exposure to ultraviolet (UV) light for 2 h. MG63 cells
were suspended in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, Langley, OK) containing 10% fetal bovine
serum (Gibco), 1% penicillin (10,000 U/ml)/streptomycin
(10,000 mg/ml) solution (Gibco), 0.01 M glycerol-2-phos-
phate (Sigma, St. Louis, MO), 2.84 x 107* M L-ascorbic
acid (J.T. Baker, Phillipsburg, NJ) and 10~'° M dexametha-
sone (Sigma). MG63 suspensions (1 x 10* cells per well)
were directly seeded over each specimen, which was then
placed in a 24-well plate. Cell cultures were incubated at 37°C
in a 5% CO, atmosphere.

2.6 Cell morphology

To observe the cell morphology on the specimen surface,
the specimens were washed three times with phosphate-
buffered saline (PBS) and fixed in 2% glutaraldehyde
(Sigma, St. Louis, MO) for 3 h after 1 and 6 h incubations
of the cells. The specimens were then dehydrated using a
graded ethanol series for 20 min at each concentration and
air-dried at room temperature. The dried specimens were
mounted on stubs, coated with gold and inspected using
SEM. SEM was operated in the secondary electron image
(SED) mode at an accelerating voltage of 3 kV and mag-
nification of x1,000.

2.7 Immunostaining

After 1 and 6 h of incubation, cells cultured on the speci-
mens were fixed with 4% paraformaldehyde (Sigma, St.
Louis, MO) for 30 min at room temperature and perme-
abilized with 0.1% Triton X-100 (Sigma, St. Louis, MO) in
PBS. Immuno-reaction was carried out by incubating with
an antibody to phosphorylated focal adhesion kinase
(pFAK, 1:1000, Abcam, Cambridge, UK,) for 2 h followed
by three PBS washes. The specimens were then incubated
with Alexa Fluor 546-conjugated goat anti-rabbit IgG
(Invitrogen, Carlsbad, CA) in PBS for 90 min. Next, the
nuclei and actin cytoskeleton were stained for 90 min with
300 nM 4',6-diamidino-2-phenylindole (DAPI, Invitrogen,
Carlsbad, CA) and FITC-conjugated phalloidin (Invitro-
gen) in PBS, respectively. Immunofluorescence observa-
tion was performed using a ZEISS AXioskop2 microscope
(Carl Zeiss, Thornwood, NY).

3 Results
3.1 Phase composition

Figure 1 shows the XRD patterns of Ti surfaces before and
after 60 s of Au electrodeposition. Three characteristic
peaks located at around 35.1°, 38.4°, and 40.1° can be
attributed to (100), (002) and (101) crystal faces of Ti
(Fig. 1a). A polycrystalline orientation of Au was suc-
cessfully deposited onto Ti surfaces after electrodeposition
(Fig. 1b). A significant number of (111) and (200) crystal
faces of Au at 38.4° and 44.4° was detected; the (111)
crystal faces overlapped with the Ti (002) plane.
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Fig. 1 Thin-film X-ray patterns of Ti substrates (a) before and (b)
after Au nanoparticle electrodeposition for 60 s (<: Ti; ¥: Au)
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3.2 Morphology

In Fig. 2a and b, SEM micrographs show that the size of
the Au particles increased with increasing deposition time.
A high density of Au nanoparticles could be deposited with
a short deposition time (5 s) in a well-dispersed pattern
over the titanium surface. As expected, the particle diam-
eter of the Au nanoparticles deposited on the Ti surface
increased from around 20 nm after 5 s of deposition to
around 50 nm after 60 s of deposition [24]. However, the
particle density was not affected by the deposition time.
Similarly, the AFM images also show a homogeneous
distribution of nano-structured particles (Fig. 2c, d).

33 CV

Figure 3 shows the cyclic voltammogram of Ti electrodes
with and without Au nanoparticles electrodeposited for
different deposition times. On the Ti electrode without Au
nanoparticles, the peaks of the reduction of [Fe(CN)g]>~
and oxidation of [Fe(CN)¢]*~ disappeared. Furthermore,
the Ti electrode without Au nanoparticles exhibited a
capacitance response, indicating that there was no
electron-transfer reaction. Interestingly, the Au-modified Ti
electrodes produced different voltammetric shapes. On the
5-s-deposited Au-modified Ti electrode, a reduction in
the peak potential at around —0.4 V was observed. The

Fig. 2 SEM and AFM images
of Au nanoparticles on Ti
substrates after different
deposition times of (a, ¢) 5 and
(b, d) 60 s
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reduction potential shifted positively toward —0.3 and
—0.05 V for the deposition times of 30 and 60 s, respec-
tively.

3.4 EIS

As can be seen in Fig. 4, the complex impedance plot of
the Ti electrode without Au nanoparticles exhibited an
extremely large semicircular diameter, indicating a high
electron-transfer resistance. On the contrary, the semicir-
cular diameter became gradually small with increasing
deposition time.

3.5 XPS

RGDC immobilization onto Au-deposited Ti surfaces was
examined by investigating the sulfur 2p spectra originating
from cysteine containing a thiol (S—H) head group, which
can covalently bond to Au. Figure 5 shows the high reso-
lution XPS spectra of the Sy, region for 1 mM RGDC
peptides immobilized on Ti with and without Au nano-
particles electrodeposited for 60 s. The binding energies of
Sap3/2 and Sy, located on 162.0 and 163.2 eV represented
the bound thiolate sulfur atom species (Au—S) and unbound
thiol, respectively. It can be clearly seen that the Sz, of
the RGDC immobilized on an Au-deposited Ti surface had
a higher intensity than that obtained from RGDC directly
loaded onto a Ti surface.
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Fig. 3 Cyclic voltammograms of Ti (a) before and after Au nanopar-
ticle electrodeposition for (b) 5, (¢) 30 and (d) 60 s. The supporting
electrolyte was 0.1 M PBS containing 2.5 mM Fe(CN); ™~ redox
couple. The scan rate was 100 mV/s in the potential range from —0.6 to
+05V
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Fig. 4 Nyquist plots (Ziy, vs. Z,) of Ti (a) before and after Au
nanoparticle electrodeposition for (b) 5, (¢) 30 and (d) 60 s. The
supporting electrolyte was 0.1 M PBS containing 2.5 mM Fe(CN); 4~
redox couple. DC voltage: 0.4 V; AC amplitude: 5 mV; frequency

range: 1-100 kHz

3.6 Cell morphology

The SEM micrographs of MG63 cells cultured on Ti sur-
faces with and without Au nanoparticles with different

1 " 1 L L L 1 " i " 1 " 1 " 1 " L

168 167 166 165 164 163 162 161 160 159 158

Binding energy (eV)

Fig. 5 High resolution XPS S,, spectra for 1 mM RGDC peptide
immobilized on Ti (a) before and (b) after Au nanoparticle
electrodeposition for 60 s

concentrations (0, 0.1, 1 and 10 mM) of RGDC for 1 and
6 h are shown in Fig. 6. In the case of the 1 h incubation,
the cells cultured on Ti surfaces without Au nanoparticles
had a spherical form, regardless of the RGDC concentra-
tion (Fig. 6a). Similar results were observed with cells
cultured on Au-deposited Ti surfaces without RGDC
immobilization. In contrast, cells cultured on the Ti sur-
faces with Au deposition and RGDC immobilization
demonstrated a more flat morphology (Fig. 6b). After 6 h
of culture, some spherical forms of adhered cells could still
be observed on Ti surfaces without Au (Fig. 6¢). However,
cell attachment and spreading became more complete on
the RGDC-immobilized Ti with Au nanoparticles and
increased with increasing RGDC concentrations (Fig. 6d).

3.7 Immunofluorescence observation

In order to further investigate the effect of RGDC on cell
functions, pFAK analysis under an immunofluorescence
microscopy was employed. Assembly of the actin cyto-
skeleton was subsequently examined with fluorescent-
labeled phalloidin. The immunostaining micrographs are
shown in Fig. 7. It can be clearly seen that cells at 1 h of
culture on the RGDC-immobilized Ti surfaces with Au
demonstrated a higher level of cytoskeletal structure and
pFAK compared to those cultured on RGDC directly loa-
ded onto Ti surfaces. In addition, the amount of pFAK
increased with increasing RGDC concentration, indicating
that the RGD peptide immobilized on Au-deposited Ti
binds to the cell-membrane integrins. This binding leads to
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0.1 mM RGD

(a)
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1 mM RGD 10 mM RGD

Fig. 6 SEM micrographs of MG-63 cells cultured on different concentrations of RGDC (0, 0.1, 1 and 10 mM) on Ti before (a, ¢) and after (b, d)
Au nanoparticles were deposited for 60 s after 1 (a, b) and 6 h (c, d) of culture

the formation of focal adhesion and prompts immediate
cell adhesion and spreading. Similar to the results of SEM,
cells secreted higher amounts of cytoskeletal proteins and
pFAK after 6 h of culture. This could be due to the fact that
cells had more sufficient time to synthesis extracellular
matrix (ECM), thereby enhancing their adhesion and
spreading.

4 Discussion

Electrodeposition is a useful method for metal deposition.
Nanoscale particles can be easily formed on conducting
substrates with relatively short deposition times (Fig. 1), for
example, 5 s. In this study, the size of the Au nanoparticles
increased with increasing deposition time (Fig. 2). The
particles were almost spherical, as reported by EI-Deab [25].
The homogeneity of particle density, irrespective of

@ Springer

deposition time, could be attributed to the nucleation prop-
erties of Au following the model of instantaneous nucle-
ation, which is a fast process. Thus, the particle density
remained constant when the growth and coalescence of
deposited particles began [26]. EDS spectra confirmed the
presence of Au and Ti without other elements, such as Na
and Cl, on the specimen surface. This demonstrates that the
Na and Cl ions in the NaAuCly solution did not interfere in
the formation of the Au nanoparticles.

To check the quality of the Au-modified Ti electrodes,
CV and EIS studies were carried out. Generally, in CV
curves a couple of well-defined characteristic waves of
Fe(CN);~"*~ with the peak-to-peak separation (AE,) of
about 70 mV can be seen on a bare Au electrode [18].
However, the Ti electrode without Au nanoparticles
exhibited a capacitance response (Fig. 3). This can be
explained by the fact that a passive oxide film was formed
on the Ti surface that suppressed the current flow of the
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Fig. 7 Immunofluorescence
images of MG-63 cells cultured
on different concentrations of
RGDC (0, 0.1, 1 and 10 mM) on
Ti before (a, b, e, f) and after
(c, d, g, h) Au nanoparticles
deposited for 60 s after 1 (a—d)
and 6 h (e-h) of culture.
Immunofluorescent staining for
nuclei, pFAK, and cytoskeleton
proteins. a, ¢, e, g For nuclei and
pFAK staining. b, d, f, h For
nuclei and cytoskeleton staining
(magnification: x200)

No RGD 0.1 mM RGD 1 mM RGD 10 mM RGD
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Fe(CN)2™*~ redox couple. In contrast, two well-separated
successive reduction peaks, corresponding to the 2-step,
4-electron reduction of oxygen, took place at 30- and 60-s
Au-deposited Ti electrodes [25]. These results reflected an
important catalytic feature of the Ti electrode coated with
the Au nanoparticles for the reduction of O, [27]. It is
reasonable that the effective surface area of the Au nano-
particles at the Ti electrode increased with increasing
deposition time, as indicated by morphologies, leading to
the higher electrocatalytic activity for the 60-s specimens.
The results of EIS suggested that the electron-transfer rate
was gradually accelerated due to the increasing amount of
Au nanoparticles (Fig. 4), consistent with the results of
CV. The electrochemical deposition process did form a
highly dispersed metal phase with a strongly developed
active surface area.

XPS is a highly sensitive surface analysis tool for
characterizing the outermost 10 nm of a specimen surface.
It can easily define the chemical composition of the spec-
imen surface and can be used to measure the efficacy of
peptide grafting. The results of high resolution XPS illus-
trated that the RGDC peptide could be successfully
immobilized on nano-Au-deposited Ti substrates via
Au-thiolate species (Fig.5) [28]. On the contrary,
the RGDC peptides on Ti surfaces without Au washed off
during the preparation process.

An ideal biomaterial for bone repair and replacement
would administer the appropriate signals to direct the
processes of osteogenesis, such as cell attachment, prolif-
eration, differentiation, matrix deposition and, ultimately,
mineralization of the extracellular matrix. The objective of
biological surface modification is to control cell and tissue
responses to an implant by immobilizing biomolecules on
biomaterials. When the RGD sequence was present on the
surface, cellular attachment and spreading took place rap-
idly with short-term events through the interaction between
the RGD sequence and cell-membrane integrins (Fig. 6).
These interactions function like physicochemical linkages
between the cell and the material [29] and can, in turn,
prompt cell proliferation and differentiation in vitro and
[16] and in vivo bone formation [17].

Moreover, the recognition and binding of the integrin
receptors located on the cell membrane to the RGD
sequence on the substrate initiates focal adhesions and
subsequently activates FAK by autophosphorylation [30].
FAK, a protein tyrosine kinase, regulates focal contact for-
mation, spreading and induction of signaling pathways that
are required for cell motility [31]. Activated FAK and cell
attachment were obviously increased on the RGD-modified
Ti substrates with Au nanoparticles (Fig. 7), indicating that
the modification strategy retained its biological activity and
initiated a specific integrin-mediated signal transduction
between MG63 cells and the RGDC-modified Ti substrates.
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In the case of RGD directly loaded onto Ti surfaces without
Au nanoparticles, poorer cell attachment and spreading took
place, and there was a lower level of FAK. Physical
adsorption may not be successful in promoting long-term
implantation because of biomolecule desorption [14, 32].
However, the high levels of surface coverage of the peptide,
i.e., a higher binding between Ti and RGDC via the Au
linker, make this present approach more suitable. Thus, this
nano-Au electrodeposition procedure could be used as an
alternative method for biomolecule immobilization.

5 Conclusions

The Au nanoparticles with polycrystalline orientation were
well dispersed on the titanium surface and had a uniform
particle size of about 50 nm after electrodeposition for
60 s. The particle size of the nano-structured Au was
dependent on the deposition time. No redox reaction of
Fe(CN)éiM* was observed on the titanium substrate, pos-
sibly due to the blocking effect of the naturally formed
titanium oxide. The EIS measurement indicated that the
nano-gold decreased the electron-transfer resistance. The
RGDC peptide could be immobilized on Au nanoparticle-
deposited Ti substrates via the covalent Au-S bonding.
Cell morphology and results of the pFAK assay consis-
tently demonstrated that the arrays of electrodeposited gold
nanoparticles on titanium substrates provide an effective
tool to subtly control RGDC immobilization with greater
stability.
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