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ABSTRACT: Exploring the biological interfaces of metallic implants has been an important issue in achieving biofunctional
success. Here we develop a biointerface with nanotopological features and bioactive composition, comprising a carbon nanotube
(CNT) and chitosan (Chi) hybrid, via an electrophoretic deposition (EPD). The physicochemical properties, in vitro
biocompatibility, and protein delivering capacity of the decorated nanohybrid layer were investigated, to address its potential
usefulness as bone regenerating implants. Over a wide compositional range, the nanostructured hybrid interfaces were
successfully formed with varying thicknesses, depending on the electrodeposition parameters. CNT-Chi hybrid interfaces showed
a time-sequenced degradation in saline water, and a rapid induction of hydroxyapatite mineral in a simulated body fluid. The
nanostructured hybrid substrates stimulated the initial adhesion events of the osteoblastic cells, including cell adhesion rate,
spreading behaviors, and expression of adhesive proteins. The nanostructured hybrid interfaces significantly improved the
adsorption of protein molecules, which was enabled by the surface charge interaction, and increased surface area of the
nanotopology. Furthermore, the incorporated protein was released at a highly sustained rate, profiling a diffusion-controlled
pattern over a couple of weeks, suggesting the possible usefulness as a protein delivery device. Collectively, the nanostructured
hybrid CNT-Chi layer, implemented by an electrodeposition, is considered a biocompatible, cell-stimulating, and protein-
delivering biointerface of metallic implants.
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1. INTRODUCTION

Metallic materials have been used for hard tissue implants,
primarily due to their excellent mechanical properties. Among
those, titanium (Ti) and its alloys are most widely used,
because of their biocompatibility and corrosion resistance,
resulting from a naturally formed passive oxide layer.1−3 The
biocompatibility of Ti and its alloys has a close relationship
with their surface properties, such as surface roughness,
topography, and chemical composition. In the biomedical
field, the materials with nanotopological surface have a lot of
merit. It is well-known that the nanotopological feature on the
materials surface is one of the most important factors that affect

cellular behaviors, such as cell anchorage, migration, prolifer-
ation, differentiation, and death.4−6 Although the cells have
micrometer dimensions, they evolve in vivo in close contact
with the extracellular matrix (ECM), a matrix with topo-
graphical features of nanometer size, made of nanofibers of
proteins, such as collagen and elastin, which provide biological
and physical support for cell behaviors.7 Moreover, large surface
area is another merit of the nanotopological surface, because it
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can allow for the surface to deliver a large amount of
therapeutic molecules, such as growth factors, by providing
numerous attachment sites. Thus, engineering the material
surfaces with nanotopological features is currently one of the
challenging issues in hard tissue implant fields.
Coating the Ti surface with bioactive materials is one of the

simplest and most promising methods of surface modification,
which controls surface structure and chemical composition. A
lot of effort has been made to coat the Ti surface, by using a
range of techniques, such as plasma spraying,8 anodic
oxidation,9 sol−gel methods,10 biomimetic coating,11 microarc
oxidation,12 and electrochemical treatment.13 The electro-
phoretic deposition (EPD) is a versatile coating method,
which can produce a uniform coating layer, via motion of
charged particles toward anode or cathode, under an electric
field. The simplicity of process, wide range of coating materials,
ease of control of the composition and thickness, applicability
to complex shapes, and low cost are advantages of the EPD
method. Using the EPD method, Ti has been tailored with
various compositions, including bioactive inorganics,14−16

biodegradable polymers,17,18 and composites,19−23 in an
attempt to improve the biocompatibility. Furthermore, drug
molecules have also been incorporated within the EPD
coatings, to improve the therapeutic potential of the coated
implants.20−22

Here, we focused on bioactive inorganic material and
biopolymer composites as a coating material. A considerable
effort has been made to produce an inorganic−organic
composite coating layer by the EPD process.19−23 Generally,
hydroxyapatite (HA), silica, and their combination, and carbon
nanotubes (CNTs) have been used as the inorganic substance.
Among these, CNTs were chosen, due to their unique
structural merits. The EPD processed CNTs have been
shown to have nanoscale fibrous structures, providing Ti
substrates with nanotopological surfaces.22,23 In fact, CNTs
have been used not only for coatings, but also for many other
applications in the biomedical fields, because of their unique
structure, and excellent mechanical and electrical properties
despite their potential cytotoxicity.24−28

As an organic source of EPD process, chitosan (Chi) has
been widely used, because it is biocompatible, biodegradable,
and highly charged.17,19,29 Chi, a natural biopolymer, is
obtained by deacetylation of chitin, which is the main
component of the exoskeleton of insects, crustaceans, and
fungi. Chi is readily soluble, and positively charged in dilute
acidic solutions, due to its amine groups.30 Because of its
positively charged property, Chi is easily deposited onto
cathode, under an electric field. In order to deposit the CNTs
with Chi by the EPD process, CNTs have to be dispersible and
stable in an acidic aqueous solution, where Chi is readily
soluble. However, pristine CNTs are not soluble in an acidic
solution, due to the aggregation caused by hydrophobic
interaction, and van der Waals attraction between the
nanotubes. Therefore, CNTs were treated in a concentrated
nitric acid and sulfuric acid solution, to generate carboxylic acid
and hydroxyl groups on the CNT surface, which make CNTs
hydrophilic and dispersible in an aqueous solution.31,32

Moreover, acid-treated CNTs can be well adsorbed onto
positively charged Chi, due to the anionic functional groups.28

In this study, we aimed to develop a bioactive CNT-Chi
composite coating system with nanoscale topographical features
through the EPD technique, for improving the biocompatibility
of Ti. Pure Chi and Chi composite suspension with various

CNT contents were prepared, and then coated onto the Ti
surface. The nanotopography, composition, and phase of the
coating layer, after the EPD process, were investigated. The
physicochemical and biological properties of the coating layers
were evaluated, in terms of degradation, mineralization, and
osteoblastic cell responses, particularly in the initial adhesion
events, such as cell anchorage, involvement of adhesive
molecules, and cell spreading. Furthermore, the protein loading
and delivery capacity of the coating layer were examined, using
bovine serum albumin (BSA) as a model protein, which is
considered to be one of the advantages of the nanotopological
surface of a CNT-Chi coating layer.

2. MATERIALS AND METHODS
2.1. Acid Treatment of CNTs. In order to improve the

dispersibility of CNT in aqueous solution, its surface was
modified by acid treatment. The 2 g of multiwalled carbon
nanotubes (EM-Power Co., Ltd. Korea) was added into 50 mL
of H2SO4 (90%, Reagent Duksan, Korea) and 50 mL of HNO3
(70%, Sigma-Aldrich, USA) mixture solution in two-neck
round-bottom flask, and kept at 80 °C for 4 days, under
constant magnetic stirring for reflux. The other neck was closed
with rubber cap having a thermometer, to record the
temperature. After 4 days of continuous reflux, acid treated
CNTs were vacuum-filtered through a 0.2 μm mixed cellulose
ester membrane, and thoroughly rinsed with deionized water,
until the pH of the falling filtrate became neutral. Finally, it was
dried under vacuum at 50 °C for 24 h. After surface
modification, the dispersibility of CNT increased significantly,
and the ζ-potential in distilled water at room temperature
decreased, from −4.5 mV to −32.1 mV.

2.2. Preparation of CNT-Chi Suspension and Ti
Substrates. Chi (85% deacetylated, Mw = 200 000 Da,
Sigma-Aldrich, USA) was dissolved in 1% acetic acid solution,
at various concentrations (0.125, 0.25, 0.375, 0.5, and 1 mg/
mL).The acetic acid solution was prepared, by adding 1% of
acetic acid (Sigma-Aldrich, USA) into an ethanol−water
cosolvent (25% of ethanol in water). It is well-known that
ethanol plays an important role in reducing the bubble
generation, during the EPD process.33 In a separate
preparation, acid treated CNTs were added in ethanol−water
cosolvent at 0.5 mg/mL concentration, and acetic acid was
slowly added, until the pH was about 3.5. Then, the
homogeneously dispersed suspension was obtained, by ultra-
sonication in ice-cooled water bath. The Chi solutions (0.125−
0.5 mg/mL) were mixed with CNT solution drop-by-drop,
with a volume ratio of 1:1, while stirring for 2 h. The
designations of CNT-Chi composite solutions used in this
study are summarized in Supporting Information Table S1. Ti
plate (commercially pure grade, Senulbio Biotech, Korea), with
a dimension of 10 mm × 10 mm × 1 mm, was prepared as a
substrate. The Ti plate was polished with SiC abrasive paper,
and cleaned ultrasonically in acetone, ethanol, and distilled
water, successively, for 15 min.

2.3. Coating of CNT-Chi Layer by EPD Process. The
CNT-Chi composites were coated onto Ti substrate, using the
EPD process. Because the ζ-potential of each suspension
showed positive value, CNT-Chi composites were coated onto
Ti, via cathodic EPD process. The Ti and stainless steel plates
were placed on cathode and anode, respectively, and the
distance between cathode and anode was 11 mm. After
degassing by ultrasonication, the EPD process was carried out
in each suspension, under the DC fields (N5771A, 300 V/5A;
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Agilent Technologies). The weight change of samples, due to
the EPD process, with various applied voltages and deposition
times, was measured. For further tests, CNT-Chi coating layers
with the same thickness were obtained, under an applied
voltage of 15 V for 3 min. The coating compositions are
summarized in Supporting Information Table S1. During the
EPD process, the pH of each suspension was maintained at
between 3.4 and 3.6, to obtain a uniform coating layer. After the
coating process, specimens were taken, washed gently with
ethanol and distilled water, and dried, for further character-
izations and evaluations.
2.4. Characterizations of Coating Layers. The top-

ography of coating surfaces and cross-sectional images was
assessed by field emission scanning electron microscopy (FE-
SEM; Tescan Mira II LMH, Czech Republic). The quantity of
CNTs in the coating layer was deduced by thermogravimetric
analysis (TGA; TGA N-1500, Scinco, Korea). TGA analysis
was carried out, using a portion of coating layer scraped from
the substrate at temperature up to 800 °C, at a heating rate of
10 °C min−1 in N2 gas. The chemical bonds and the phase of
the coating layer were investigated by attenuated total reflection
Fourier transformation infrared spectroscopy (ATR-FTIR;
Varian 640-IR, Varian, Australia), and X-ray diffraction (XRD;
Ultima IV, Ringku, Japan), respectively.
The degradability of the coating layer was studied in

phosphate buffered saline (PBS; Sigma, USA) solution. Each
specimen was immersed in 15 mL of PBS solution, and
incubated at 37 °C. The specimen was taken out at
predetermined periods (3, 7, 14, 21, 28 days), dried, and the
weight change was recorded. The apatite forming ability of the
CNT-Chi coating layer was studied in a modified simulated
body fluid, whose ionic concentration was twice the normal
simulated body fluid (2 × SBF; Na+, K+, Mg2+, Ca2+, Cl−,
HCO3

−, HPO4
2−, and SO4

2− were 284.0, 10.0, 3.0, 5.0, 295.6,
8.4, 2.0, and 1.0, respectively). Each specimen was immersed in
10 mL of 2 × SBF solution, and incubated at 37 °C, for various
periods (3, 7, 10, 14, 21, 28 days). At each time, the specimen
was taken out, rinsed with distilled water, and dried. The
changes in surface morphology and weight due to apatite
formation were observed by FE-SEM, and recorded,
respectively. For both degradability and apatite forming ability
tests, 3 replicate specimens were used, and averaged.
2.5. Cell Assays on Coating Layers. The in vitro

biological properties of the CNT-Chi composite coatings
were addressed, by means of initial cell adhesion behaviors,
including attached cell number and cell spreading degree.
Furthermore, the expression of adhesive proteins was assessed,
by means of immuno-cytochemistry. Prior to cell seeding, all
samples were sterilized, by immersion in 70% ethanol for 30
min, and exposure to UV irradiation, overnight. The
preincubated MC3T3-E1 cells (osteoblastic cell line, ATCC,
USA) were placed onto the sterilized specimens, at the
densities of either 2 × 104 or 5 × 104. The cells were then
cultured in α-minimal essential medium (α-MEM; Thermo
Scientific HyClone, South Logan, UT), supplemented with
10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin−
streptomycin (Invitrogen, USA), under 5% CO2/95% air, at 37
°C.
The cell anchorage and spreading behaviors were assessed,

by fluorescent microscopy observation. After 6 and 18 h of
culturing, the cells were fixed with 4% paraformaldehyde
solution, washed in PBS, permeabilized with 0.1% Triton X-100
solution, and washed in PBS again. After blocking the

nonspecific sites with 1% BSA solution, F-actin and nuclei
were stained with phalloidin and 4′,6-diamidino-2-phenylindole
(DAPI), respectively. A number of the stained cell
morphologies (4−5 field images for each group) were obtained
by the fluorescent microscopy (IX7151Olympus, Japan). Based
on the cell images, the cell spreading was evaluated, by
measuring the length of cellular extensions. The cells were
classified into two groups by their aspect ratiothe ratio
between the length (l) of cell (most elongated direction), and
the width (d) of the cell (the shortest direction); round cells
(d/l < 1.5), and spread cells (d/l > 1.5). Furthermore, the
length of the cellular extensions was compared.
Cells positive for the expression of adhesion proteins,

including focal adhesion kinase (FAK), paxillin, and vinculin,
were immunofluorescence-stained. Cells cultured for 4 h on
each substrate were fixed in ice-cold 4% paraformaldehyde
solution and then stained with each primary antibody included
anti-FAK (phospho Y576; pFAK, abcam, USA), anti-paxillin
(phospho Y181; pPaxillin, abcam), and anti-vinculin (abcam)
for 12 h at 4 °C. The stained cells were then incubated with
FITC-conjugated secondary antibodies (Santa Cruz, USA).
The cells were counterstained with DAPI to observe the
nuclear morphology. Fluorescent images were observed under a
LSM 700 laser-scanning confocal microscope.

2.6. Protein Adsorption and Release Tests. BSA
(Sigma-Aldrich, USA) was used as a model protein for the
adsorption and release tests. In order to find the BSA
adsorption capacity of the CNT-Chi coating layer, the
adsorption isotherm was studied. Coating samples were
immersed in 1 mL of BSA solution in PBS, prepared with
various concentrations (0.2−5 mg/mL). After incubation at 37
°C for 12 h, the samples were taken out, and the BSA
concentrations of the solution were assessed, by measuring the
absorbance at 278 nm, using UV−visible spectrophotometer
(Libra S22, Biochrom, UK). The amount of BSA adsorbed onto
the sample surface was calculated, by subtracting the final
amount from the initial amount.
The release behavior the BSA from the coatings was also

examined. The BSA loading carried out in 2 mg/mL
concentration was used for the release study. The samples
were then soaked into PBS, and kept statically at 37 °C for
different times. At each time point, the whole medium was
replaced with fresh PBS, and the BSA concentration of the
withdrawn medium was assessed using UV−visible spectropho-
tometer.

2.7. Statistical Analysis. Data were analyzed by the
Student’s t-test. All data are presented as the mean ± 1 standard
deviation (SD), and statistical significance was considered at p
< 0.05.

3. RESULTS AND DISCUSSION
3.1. CNTs and EPD Process. EPD is a versatile technique

for the surface modification of metallic materials. The EPD
process involves the movements of charged particles in a
suspension. Therefore, characterization of the raw materials and
suspension is very important. Figure 1 shows the characteristics
of the CNTs prepared for the EPD coating. A typical TEM
morphology of multiwalled CNTs shows the nanosized
structure of CNTs, with a diameter of 25 nm, and a wall
thickness of 5 nm (Figure 1a). The surface of CNTs was
functionalized via acid treatment, to enhance dispersion ability
in aqueous solution. While the FTIR spectrum of the as-
received CNTs displayed two peaks, related to CC and O
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H bonds at 1635 and 1400 cm−1,34,35 two additional peaks
related to −COOH functional group, such as CO and CO
bonds at 1710 and 1225 cm−1,36 and CC stretching
associated with backbone structure at 1585 cm−137 appeared,
after acid treatment (Figure 1b). The increment of peak
intensity of the OH bond is additional evidence of the
formation of −COOH functional groups. The ζ-potential of the
CNTs dispersed in distilled water changed from slightly
negative (−4.5 mV), to highly negative (−38.5 mV) after
acid treatment, confirming the successful carboxylic acid
functionalization of the surface. Furthermore, the ζ-potential
of acid-treated CNTs changed to highly positive (+48.2 mV),
after mixing with Chit solution, which reflects the nature of
positively-charged Chit molecules (Figure 1c). This result
suggests that CNT-Chi suspension can be used for cathodic
EPD process. During EPD in an acidic solution, Chi molecules
become positively charged; therefore, negatively charged CNTs
easily react with Chi matrix. After reaction, the CNT-Chi
hybrid is still positively charged. Thus, CNT-Chi was deposited
onto Ti substrate by electrophoresis, when negative potential
was applied.33,38

3.2. Characteristics of CNT-Chi Hybrid Coatings. The
properties of a coating layer can be easily controlled, by
adjusting the EPD parameters, including pH of suspension,
applied voltage and deposition time. In a previous study, the
homogeneity and uniformity of the Chi-based coating layer
could be achieved, when the pH of suspension was between 3.1
and 3.6.20 In this study, therefore, the pH of the CNT-Chi
solution was fixed at 3.45. During the electrodeposition process,
the weight gain of the coating by varying the applied voltage
and deposition time was observed, as shown in Figure 2. At
first, the electrodeposition process was carried out at various
applied voltages, with a fixed deposition time of 3 min. A linear
increment of weight gain with voltage change from 10 to 40 V
was found (Figure 2a). At a fixed applied voltage of 15 V, the
weight gain as a function of time was also almost linear (Figure
2b). With regard to the effects of composition on the coating
weight gain, although the exact relationship could not be drawn,
the incorporation of CNTs appeared to slightly decrease the
coating weight gain. In fact, Chi molecules have already proven
excellent mobility in the EPD cathodic coating, due to the
highly positively charged surface. Although the Chi molecules
would decorate the surface of negatively charged CNTs, the
mobility for cathodic deposition is considered to decrease,
compared to the case for native Chi. Compared to the CNT1,

Figure 1. Characteristics of CNTs: (a) TEM images of multiwalled
CNTs after carboxylation; (b) FT-IR spectra of CNTs before and after
carboxylation, signifying the development of surface functional groups
(CO and CO) by strong acid treatment; (c) ζ-potential of native
CNTs, carboxylated CNT and CNT-Chi solution in distilled water,
showing a dramatic change in the surface charge properties of the
CNTs, from −4.5 mV (native) to −38.5 mV (carboxylated), and
oppositely to +48.2 mV (complexed with Chi).

Figure 2.Weight gain during the EPD coating, measured with varying the coating parameters, applied voltage and time, at pH = 3.45 of suspensions:
(a) for fixed deposition time of 3 min, as a function of applied voltage, and (b) for fixed applied voltage at 15 V, as a function of time.
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CNT2, and CNT3, CNT4 appeared to show more substantial
decrease in the coating weight gain, which can be explained as
follows: below certain concentration of CNTs, the surface
decoration of Chi molecules is considered to be effective; and
above the concentration, excess surface of CNTs would exist,
and the limit composition herein is considered to be CNT3.
While the coatings showed a slight difference in the weight
gain, all the coating compositions produced herein stably
adhered to the Ti substrate, not allowing the ease of scratching,
peeling off, and delaminating, even after ultrasonic vibration in
water. This was presumably because of the relatively thin (5 ±
2 μm) coating thickness achieved and the possible strong bonds
between CNT and Chi molecules.
The representative high resolution electron morphologies of

CNT-Chi coatings on Ti are shown in Figure 3. CNT0, a pure
chitosan coating, showed a dense and homogeneous film
(Figure 3a). In contrast to the smooth morphology, CNT-Chi
hybrid coatings showed significantly different nanoscale
morphology (Figure 3b−e). The CNT’s nanofibrous morphol-
ogy was well reflected. The diameter of nanofibers in the SEM
image was similar to that of CNTs observed in the TEM image.
The amount of Chi played an important role in the different
nanoscale morphologies. When the amount of Chi is relatively
high (CNT1), the interspacings between CNTs were largely
filled with Chi, which makes the surface quite dense, and
relatively smooth (Figure 3b). However, as the content of
CNTs increased (CNT2 to CNT4, Figure 3c−e), the
interspacings between CNTs became open, making the

morphology nanoporous and rough. The nanopores formed
throughout the coatings were in the range of a few tens to
hundreds of nanometers. The thickness of the coating layer was
measured from the cross-sectional tilted images. The image of
the CNT3 was representatively examined, by scratching off the
sample from the Ti (Figure 3f), which revealed a thickness of
about 5 μm. The thickness of the other coating layers was
observed in a similar range to that of CNT3.
The CNT-Chi hybrid coating layers were further charac-

terized, as shown in Figure 4. The composition of the CNT-Chi
coating layer was investigated by TGA (Figure 4a). In the case
of pure CNT, two distinct weight losses were observed: first,
20% of weight loss below 400 °C was attributed to the thermal
decomposition of carboxylic acid group on the CNT surface,
and 80% of weight loss at 600 °C was due to the thermal
degradation of CNT. In fact, the TGA result of pure Chi
coating layer has shown three distinct weight losses: first, 22%
below 200 °C was attributed to the liberation of adsorbed
water, and two further weight losses, of 40% at 200−300 °C,
and 38% at 300−550 °C, were from the thermal degradation of
pure Chi.20 The CNT-Chi hybrid coating layers showed almost
combined thermal degradation, and the behaviors of CNT2,
CNT3, and CNT4, compared to those of CNT0 and CNT1,
were much closer to that of pure CNT, implying the higher
CNT content in the former coatings. The ATR-FTIR spectra of
pure Chi and CNT-Chi hybrid coating layers are shown (Figure
4b); bands related to chitosan (897, 1025, 1318, 1375, 1410,
1560, and 1650 cm−1) were clearly observed, in the case of

Figure 3. SEM images of the surface morphologies of the coating layers: (a) CNT0, (b) CNT1, (c) CNT2, (d) CNT3, and (e) CNT4. In (f), the
cross-sectional SEM images of the CNT3 on Ti substrate reveal the coating layer. All coatings were performed at 15 V for 3 min, at pH 3.45.

Figure 4. Characterization of the hybrid coatings. (a) Thermogravimetric analyses measured up to 800 °C, (b) FT-IR spectra, and (c) XRD patterns.
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CNT0.39 However, in the case of CNT-Chi hybrid coatings, the
intensity of peaks related to Chi, such as the amide group,

decreased significantly, because of the reduced amount of Chi.
The XRD spectra of CNT-Chi hybrid and pure Chi coating

Figure 5. Degradation behavior of the hybrid coatings in PBS, up to 28 days. (a) The weight loss pattern of the coatings (n = 3) with time, and (b)
the SEM morphology after 14 days.

Figure 6. Characterization of the coatings, after incubation in concentrated SBF at 37 °C; (a) weight increase of the coatings, during incubation of
the sample for periods of up to 28 days (n = 3), (b) XRD phase analysis, and (c) SEM morphological observation of mineralized surface. The CNT2
specimen was chosen, for representative sample for XRD and SEM analyses.
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layers are shown (Figure 4c). In the case of pure Chi coating,
crystalline phases of Ti substrate at 2θ ∼ 36°, 39°, and 41° and
an amorphous phase of Chi at 2θ ∼ 21° were observed. After
hybrid coating, a peak at 2θ ∼ 26.2° appeared, which is related
to CNT.
3.3. In Vitro Degradation and Apatite Forming Ability.

The CNT-Chi hybrid coatings were further characterized, in
term of in vitro degradation, and apatite forming (mineraliza-
tion) ability. The degradation behaviors of the coatings were
investigated in PBS, as shown in Figure 5. The weight loss of
coating layers during the degradation test was monitored, for
up to 28 days (Figure 5a). In all cases, the degradation trend
was similar, showing a gradual decrease in weight loss with
time. The incorporation of CNT decreased the degradation
rate. For pure Chi coating layer, the degradation was 7% for 3
days, ∼12% for 7 days, ∼17% for 14 days, 22% for 21 days, and
∼24% for 28 days; while degradation of the CNT4 coating
layer was ∼3% for 3 days, ∼8% for 7 days, ∼12% for 14 days,
∼14% for 21 days, and ∼16% for 28 days. The degradation of
the coatings also affected the nanotopography. The SEM
images, taken after 14 days of degradation test (Figure 5b),
showed more porous surface morphologies than those of the
as-deposited surfaces. The morphology of the degraded
coatings still showed the nanofibrous morphology of the
CNTs. Especially, nanopores were also observed on the CNT1
surface, due to the degradation, which however, have originally
shown a dense morphology. Based on this, it is considered that
the degradation mainly occurred at the water-soluble chitosan
phase.
Along with the degradation behavior in the saline solution,

the in vitro apatite forming ability of the coating layers was
assessed in simulated body fluid (SBF) solution. Here, we
prepared an acceleration medium, 2× SBF, to shorten the
investigation period, which has been widely used for the in vitro
apatite formation test.20,40,41 The weight gain of the coatings

during immersion of the samples was observed at varying time
periods, of up to 28 days (Figure 6a). All the coatings showed
weight gain with gradual increase with time, and the degree of
weight gain increased, as the amount of Chi increased. This
result suggested that Chit played an important role in the
apatite formation process. Amino groups of Chi molecules
attract phosphate ions in SBF, which subsequently attract
calcium ions, resulting in the nucleation and crystallization of
apatite.42 Therefore, the reaction between the amino groups of
Chi and carboxylic acid groups of CNT during the EPD process
would lower the reactivity of Chi molecules, for the nucleation
of apatite. Nevertheless, it should be noted that the CNT-Chi
hybrid coatings showed a substantial apatite formation rate.
The phase and the morphology of apatite crystals formed on
CNT2, a representative sample, were analyzed by XRD and
SEM (Figures 6b,c). The main apatite peak at 2θ ∼ 32°
appeared additionally during the immersion, and became
sharper and more apparent, with increasing immersion time.
After 3 days of immersion in the SBF, some mineral islands
started to grow on the surface of the CNTs; and they were
clearly seen on the surface, while preserving the CNT-related
nanotopography, at day 7. At day 14, the minerals covered the
whole surface, totally changing the nanofibrous morphology,
and the mineralized crystal size became significantly enlarged.
Based on these results, it is considered that the CNT-Chi
hybrid coatings had substantial apatite formation ability, i.e.,
excellent in vitro bone-bioactivity.

3.4. Effects on Initial Osteoblastic Responses. To
demonstrate that the CNT-Chi hybrid coating surface would
provide a substrate condition for osteoblastic cellular anchorage
and growth, we cultured murine preosteoblastic MC3T3-E1
cells on coatings, for different time points. In particular, initial
cellular events at the early time points were investigated. First,
cell anchorage and spreading images on each coating sample
were taken by fluorescence microscope, at varying time points

Figure 7. (a) CLSM images of cells initially adhered, and spread onto the nanostructured hybrid coating substrates. Images taken at different time
points (6 and 18 h), with costains of F-actins (green) and nuclei (blue). (b) Analyses of the initial cellular behaviors based on the CLSM images,
including spreading cell fraction and length of cellular extensions, showed significant difference between CNT0 and CNT-Chi hybrid coatings.
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of 6 and 18 h (Figure 7a). On CNT0 coating, the adhered cells
were mostly round in shape, without spreading at 6 h, and some
of the cells started to spread after 18 h. However, on the CNT-
Chi hybrid coatings (CNT1 to CNT4), many cells already
started to spread out as early as 6 h, and at 18 h, most of the
cells were highly elongated. Among the CNT-Chi hybrid
coating samples, no apparent difference was noted.
The confocal images of cells initially adhered and spread

onto the nanostructured hybrid coating substrates were
subsequently quantified, in terms of the rates of cytoskeletal
extensions (Figure 7b). The fraction of spread cells was
significantly higher on the CNT-Chi hybrid coatings, when
compared to pure Chi coating (CNT0), at both 6 and 18 h.
Only a small fraction of cells were spread on CNT0 at 6 h
(∼15%), which became ∼55% at 18 h. However, on the hybrid
coatings, the spread cell fraction was as high as 50−60% at 6 h,
and reached over 70% after 18 h. The extension length was also
quantified. The average length of the cytoskeletal extensions
was significantly higher on the hybrid coatings, than on the
pure Chi coating. The results clearly demonstrated the CNT-
Chi hybrid coatings enabled the stimulation of osteoblastic cell
adhesion processes, including cell anchorage and spreading.
The highly elongated morphology of cells on the CNT-Chi
hybrid coatings is considered to reflect the underlying
nanofibrous-structured topology. In other words, the CNT-
aided nanostructured surface should play a key role in the
cellular anchorage, and subsequent cytoskeletal extension
processes. It has also been accepted that topography,
particularly nanotopology, strongly influences the morphology
and orientation of living cells, through a phenomenon known as
contact guidance, and through integrin-mediated intracellular
tension, which would play an essential role in determining the
characteristic functions of complex tissues.43−45

Next, the adhesive proteins possibly involved in the initial
adhesion events of osteoblastic cells were examined. Cells
cultured on the coatings were immunostained against adhesive
proteins, including p-FAK, p-paxillin, and vinculin (Figure 8).
While the cells cultured on hybrid coatings exhibited stronger

signals positive for all the adhesive molecules, those on CNT0
showed very limited signals. Therefore, based on the cell
morphological and biochemical results, the importance of the
adhesive protein molecules in the initial phase of cellular
adhesion and spreading processes is demonstrated. Moreover,
the CNT-aided nanostructured surface should function in up-
regulation of those adhesive protein complexes.
Ongoing from this adhesion stimulation, the differentiation

into osteogenic processes, and much later cellular responses,
will be an important and interesting study remaining in the
future, to elucidate the potential of the CNT-Chi nano-
structured coating substrate for bone repair purposes.

3.5. Protein Loading and Delivery Potential of Hybrid
Coatings. As an additional biological performance of the
nanostructured hybrid coatings, here we studied the protein
loading and delivery capacity. As the model protein, BSA was
chosen, and the loading and release behaviors were examined. It
is considered that the BSA may be adsorbed mainly by weak
electrostatic attractions between negatively charged BSA, and
positively charged Chi-CNT surface. Furthermore, the ultra-
high surface area enabled by the nanostructured networks is
believed to provide effective space and site for the protein
incorporation. The nanotubular network structures generated
primarily from CNTs will be beneficial for taking up protein
molecules at large quantities while the positively charged Chi
can play a decisive role in attracting negatively charged
molecules like BSA. The BSA adsorption isotherm was first
examined with respect to the initial concentration of BSA
solution (Figure 9). The loaded amount of BSA onto the
coatings increased gradually, with increasing solution concen-
tration. It was obvious that the hybrid coatings showed
significantly different BSA loading amount, from the pure Chi
coating. Furthermore, the loading amount increased as the
CNT content in the coating increased. The maximum loading
amount of BSA onto each coating, recorded at 5 mg/mL of
initial BSA concentration, was 22 μg for CNT0, 123 μg for
CNT1, 157 μg for CNT2, 191 μg for CNT3, and 209 μg for
CNT4. The differences between pure Chi (CNT0) and hybrids

Figure 8. Adhesive molecules possibly involved in the initial cell adhesion events, analyzed by immunostaining images. Signals positive for p-FAK, p-
paxillin, and vinculin were strongly expressed in all the CNT-Chi hybrid coatings but not in CNT0.
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were as high as 6−9 times. Because the outermost surface
charge characteristic of the hybrid coatings is similar to that of
pure Chi coating, due to the Chi decoration of CNTs, such a
big difference between the groups is mainly due to the
difference in surface area associated with the nanostructured
morphology.46,47 As the Chi-decorated surface is also highly
positively charged, the protein charge characteristics should be
important, to allow for the charge−charge interactions. In fact,
when we tested a positively charged protein (cytochrome C) to
load onto the Chi or CNT-Chi coatings, a very minimal
amount of protein could be loaded. As soon as the charge
property is satisfied, the pore size of the networks and the
surface area should determine the protein loading quantity,
providing a space for protein penetration, and sites for
adsorption. Based on the protein loading result, the positively
charged nanostructured CNT-Chi coating was highly effective
in taking up biological molecules, which are principally
negatively charged.
We next investigated the protein release behaviors from the

coatings. The BSA-loaded coatings were soaked in PBS solution
at 37 °C, for different time periods, of up to 14 days (Figure
10). From the pure Chi coating (CNT0), the protein release
occurred abruptly, showing a burst release within a few hours.
Furthermore, 50% was released for the first 1 day, and almost
100% was released in the next 5 days. However, from the
hybrid coatings, the BSA release was highly sustainable: BSA
continued to release even after 12 days, with curved patterns. In
order to delineate the protein release mechanism from the
coatings, we fitted the results according to the Ritger-Peppas
empirical equation (Mt/M∞ = Ktn), where the n value is an
exponent characterizing the release mechanism. Each parameter
determined from the release profile is summarized in Table 1.
In the case of CNT0, the n value was 0.084, which means the
release behavior of BSA is time independent; rather, the very
initial stage (within a few hour) of the release was reasoned to
be reaction-controlled. On the other hand, in the case of CNT-
Chi hybrid coatings, the n values were around 0.4, which
suggests the stage is a sort of anomalous diffusion-controlled (a
slight deviation from the Fickian diffusion-controlled) release
phenomenon, as has been reported elsewhere.48,49 Since the
bond between BSA and Chi is a kind of weak charge−charge

interaction, it easily breaks, due to the ionic exchanges in the
saline solution. In the case of CNT0, the BSA molecules could
be liberated, as soon as the ionic exchange occurred. However,
in the case of CNT-Chi hybrids, the liberated BSA molecules
should be released, out through the nanoporous networks of
the coatings. The diffusion-controlled release behaviors of BSA
from the CNT-Chi hybrid coatings also support this
hypothesis. In fact, some other coating methods of preparing
nanostructures on Ti have also been carried out to effectively
load and deliver protein molecules, which include nanoporous
titania coatings and nanocrystalline calcium phosphate coat-
ings.50−52 For the case of nanoporous titania, the protein
loading was not easily implemented although small drug
molecules were possibly loaded. Furthermore, the calcium
phosphate coatings were shown to release protein molecules
only within 10 days while the protein loading capacity could be
improved. Therefore, the current CNT-Chi coatings can be
considered to have excellent performance in effective loading
and sustainable delivery of large molecules like proteins.
Taken from the results on the capacity of the CNT-Chi

coatings related to proteins, i.e., high loading capacity of
proteins, and their sustained release, the nanostructured hybrid
coatings may find additional potential applications in the
delivery of protein molecules that are therapeutically relevant
for bone repair and regeneration. Further study thus remains as
to this therapeutic application of the developed coatings. This
prospect, together with the physical merit of the nano-
topological feature of the coatings, will contribute to
stimulating cellular events, including osteogenic processes;
and ultimately, to improving the bone repair ability of coating
implants.

Figure 9. Loading study of protein BSA onto the nanostructured
hybrid coatings. BSA loading was monitored with respect to the BSA
concentration used initially. Curve fittings were referenced to the
modified Langmuir isotherm equation.

Figure 10. Cumulative release profile of loaded BSA from the coatings,
monitored as a function of time. Curve fittings were referenced to the
Ritger-Peppas model.

Table 1. Summary of Release-Model Parameters (K and n)
of the Coatings Fitted Based on the Ritger-Peppas Empirical
Equation (Mt/M∞ = Ktn)

specimens

parameters CNT0 CNT1 CNT2 CNT3 CNT4

K 25.31 14.36 25.48 18.62 23.23
n 0.084 0.39 0.33 0.42 0.42
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4. CONCLUSIONS
Hybrids of Chi and surface-modified CNTs were interfaced
onto Ti by the EPD process, with varying compositions. The
hybrid coatings were made of Chi-decorated CNTs, featuring
nanofibrous structures. The nanostructured hybrid coatings
significantly stimulated the initial cell adhesion events,
including cell anchorage and spreading, and the expression of
adhesive molecules. The hybrid coatings were highly effective
for loading of a large quantity of proteins, and releasing them in
a sustained manner, over a few weeks, which was enabled by the
nanotopographical feature of the coatings. These results suggest
that the EPD-enabled nanostructured CNT-Chi hybrid coat-
ings may be potentially useful as the cell-stimulating and
therapeutic interfaces of metallic implants, for bone repair and
regeneration.
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