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ABSTRACT: Research on incorporation of both growth factors and
silver (Ag) into hydroxyapatite (HA) coatings on metallic implant
surfaces for enhancing osteoinductivity and antibacterial properties is
a challenging work. Generally, Ag nanoparticles are easy to
agglomerate and lead to a large increase in local Ag concentration,
which could potentially affect cell activity. On the other hand, growth
factors immobilization requires mild processing conditions so as to
maintain their activities. In this study, bone morphology protein-2
(BMP-2) and Ag nanoparticle contained HA coatings were prepared
on Ti surfaces by combining electrochemical deposition (ED) of Ag
and electrostatic immobilization of BMP-2. During the ED process, chitosan (CS) was selected as the stabilizing agent to chelate
Ag ions and generate Ag nanoparticles that are uniformly distributed in the coatings. CS also reduces Ag toxicity while retaining
its antibacterial activity. Afterwards, a BMP/heparin solution was absorbed on the CS/Ag/HA coatings. Consequently, BMP-2
was immobilized on the coatings by the electrostatic attraction between CS, heparin, and BMP-2. Sustained release of BMP-2 and
Ag ions from HA coatings was successfully demonstrated for a long period. Results of antibacterial tests indicate that the CS/Ag/
HA coatings have high antibacterial properties against both Staphylococcus epidermidis and Escherichia coli. Osteoblasts (OB)
culture reveals that the CS/Ag/HA coatings exhibit good biocompatibility. Bone marrow stromal cells (BMSCs) culture indicates
that the BMP/CS/Ag/HA coatings have good osteoinductivity and promote the differentiation of BMSCs. Ti bars with BMP/
CS/Ag/HA coatings were implanted into the femur of rabbits to evaluate the osteoinductivity of the coatings. Results indicate
that BMP/CS/Ag/HA coatings favor bone formation in vivo. In summary, this study presents a convenient and effective method
for the incorporation of growth factors and antibacterial agents into HA coatings. This method can be utilized to modify a variety
of metallic implant surfaces.
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1. INTRODUCTION

Over the past decades, medical metallic implants have been
widely used in orthopedic and dental applications. However,
metallic implants are biologically inert and cannot induce bone
regeneration after implantation. One approach to improve the
osteoinducivity of metallic implants is to deposit calcium
phosphates (CaP) coatings on surfaces.1,2 CaP coatings are
known to have good biological performance and enhance
fixation and long-term survival of metallic implants.3 Moreover,
CaP can also be used for delivery of growth factors for bone
repair.4,5 Bone morphogenetic protein-2 (BMP-2) is one of the
most important growth factors that can induce bone formation
by causing the migration of mesenchymal stem cells and their

differentiation into osteoblasts.6−8 CaP coatings incorporated
with BMP-2 could further improve the osteoinductivity of
implants. Incorporation of BMP-2 into CaP coatings can be
done in two ways, namely, physical adsorption and chemical
fixation. Physical absorption, which involves adsorption of
BMP-2 on the CaP coatings, generally cause early burst release
of BMP, which could not result in good long-term therapy.9,10

Chemical fixation through covalent binding of BMP-2 on
carboxylated CaP coatings could facilitate relatively long term
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release.11 However, chemical fixation could exert detrimental
effects on the stability and activity of BMP-2.12

CaP coatings could also promote bacterial adhesion together
with their osteoinductivity,13,14 and can eventually lead to a
second surgery.15,16 This challenge could be addressed by
release of antibacterial agents from the CaP coatings.4

Antibiotics are mostly used as antibacterial agents to treat
various bacterial infections, but the risk of antibiotic resistance
has increasingly become a major concern.17 Silver (Ag) exhibits
potent antibacterial activity against a number of Gram-positive
and Gram-negative bacteria, and bacterial resistance against
silver is minimal.18 Incorporation of Ag nanoparticles (NP) into
CaP coatings is effective in providing long-term antibacterial
properties to CaP coatings. Various methods have been
employed to incorporate Ag into CaP coatings, such as plasma
spraying,19,20 ion beam assisted deposition,21 and magnetron
sputtering.22 However, these methods are line-of-sight
technologies that cannot be applied to the medical devices
with complex shapes. Micro-arc oxidation23 and sol−gel
technology24,25 have also been used to prepare Ag-containing
CaP coatings. Notably, Ag NPs are easy to agglomerate and
easily lead to a large increase in local Ag concentration, which
could potentially affect cell activity. Thus, the uniform
distribution of Ag NPs is critical for the success of Ag-
containing CaP coatings.26

In the present study, hydroxyapatite (HA) coatings that are
capable of dual release of Ag ions and BMP-2 were prepared.
The CaP coatings were co-deposited with CS and Ag on Ti
surfaces by electrochemical deposition (ED), a mild method
that can be used to prepare Ag-containing HA coatings on
metallic implants with complex geometries.27 BMP-2 was
immobilized by adsorbing BMP/heparin mixed solutions on
CS/Ag/HA coatings, as shown in Scheme 1. The morpholo-
gies, release kinetics of BMP-2 and Ag, antibacterial activity,
and biocompatibility of the coatings were evaluated. The
osteoinductivity of BMP/CS/Ag/HA coatings was investigated
in vitro and in vivo.

2. MATERIALS AND METHODS
2.1. Pretreatment of Ti Specimens. First, commercially pure Ti

(Bao Ji Special Iron and Steel Co. Ltd, China) was cut into discs with
diameters of 8 mm and then mechanically polished using a series of
SiC papers (240, 400, and 800 grit). Second, the discs were etched in a
mixed acid (H2SO4/HCl/H2O = 1:1:1, volume ratio) at 60 °C for 3 h
to remove natural oxide layers and increase surface roughness. Third,
the discs were alkali-treated to increase the hydrophilicity by
immersion in 100 mL of 5 M NaOH aqueous solution at 60 °C for
3 h. The Ti discs are referred to as pristine Ti in subsequent sections.

2.2. Preparation of CS/Ag/HA Coatings. CS/Ag/HA, Ag/HA,
and pure HA coatings were prepared by pulsed ED,27 which was
conducted in the cell consisting of the following three electrodes: the
Ti discs as working electrode, a Pt plate as the counter electrode, and a
saturated calomel electrode as the reference electrode. The ED was
carried out with a pulse width of 100 s for 1 h at −1.3 V. The
electrolyte of CS/Ag/HA coatings was an aqueous solution containing
5 mM Ca(NO3)2, 3 mM NH4H2PO4 , 0.05 g/L AgNO3, and 0.22 g/L
CS (low molecular weight, Sigma). The pH value of electrolytes was
adjusted to 5.0 using ammonia. The electrolyte used for the Ag/HA
coatings was the same as that used for CS/Ag/HA coatings without
CS. Pure HA coatings were also prepared by pulsed ED, which was
conducted with a pulse width of 100 s for 1 h at −1.5 V. The
electrolyte was an aqueous solution of 10 mM Ca(NO3)2 and 6 mM
NH4H2PO4. After deposition, the coated Ti discs were rinsed with
deionized water and subsequently dried in air.

2.3. Loading BMP-2 on the Composite Coatings. BMP-2/
heparin mixed solution was prepared by dissolving BMP-2 (Rebone,
China) and heparin in phosphate buffer solution (PBS). The
concentration of BMP-2 in the solution is 5 μg/mL. Afterward, 50
μL of BMP-2/heparin mixed solution was dropped on the CS/Ag/HA
and Ag/HA coatings to obtain BMP/CS/Ag/HA and BMP/Ag/HA
coatings, respectively. Each coating contained 0.25 μg of BMP-2. The
coatings were dried overnight at room temperature.

2.4. Characterization of Coatings. A scanning electron micro-
scope (SEM; JSM 6390, JEOL, Japan) equipped with an X-ray energy
dispersive spectrometer (EDS) was used to examine the morphology
and composition of the CS/Ag/HA, Ag/HA and pure HA coatings. A
transmission electron microscope (TEM; JEOL 2010, JEOL, Japan)
was used to investigate the microstructures of the HA and Ag extracted
from CS/Ag/HA-Ti surfaces. An X-ray diffractometer (XRD; X’pert
PRO, Philips, The Netherlands) was used to identify the crystalline
phases of the coatings. Fourier transform infrared spectroscopy (FT-
IR; Nicolet 5700, Thermo) was used to determine the chemical
composition of the deposited coatings. Thermogravimetric (TG;
Netzsch TG 209 F1, Germany) analysis was performed to determine
the mass ratio of the coatings from 20 to 800 °C at a rate of 10 °C/
min. The adhesive strengths of the coatings were measured using a
universal testing machine (Instron 5567). The adhesion strength was
calculated as the load at failure divided by the area of samples. The
data were the average of six samples.

2.5. Ag Release and Antibacterial Tests. BMP/CS/Ag/HA,
CS/Ag/HA, and Ag/HA coatings were soaked in 5 mL of PBS at
varying time periods (1, 3, 5, 10, 15, 20, 25, and 31 days) to examine
Ag release. Three parallel samples of each group were used for the Ag
release test. At each time interval, the solution was collected and
replaced with 5 mL of fresh PBS. The Ag concentration of the
collected solution was measured using an atomic absorption
spectrophotometer (AAS; Z-2300, Hitachi, Japan). Staphylococcus
epidermidis (ATCC 12228) and Escherichia coli (ATCC 8739) were
used to evaluate the antibacterial activity of the coatings. During
antibacterial tests, BMP/CS/Ag/HA, CS/Ag/HA, and Ag/HA coat-
ings were selected as the experimental groups, and pristine Ti was
selected as the contrastive group. Four parallel samples of each group
were used for the antibacterial test. All bacteria were cultured in Luria-
Bertani (LB) broth. First, the samples were placed in a 24-well plate,
and 100 μL of bacterial suspension (106 CFU/mL) was added onto
the surfaces of each sample. Next, the samples were incubated for 12 h
at 37°C in an incubator. Afterward, 900 mL of LB broth was added to

Scheme 1. Schematic of the Electrochemical Deposition
Process and Immobilization of BMP-2 on HA Coatingsa

a(a) Structure of chitosan. (b) Chitosan chelate Ag ions in the
electrolytes. (c) CS/Ag/HA coatings are prepared by co-electro-
deposition of CS-Ag+, Ca2+, and PO4

3+ on Ti surfaces. (d) CS/Ag/HA
coatings are formed. (e) BMP-2 and heparin are mixed. (f) BMP/CS/
Ag/HA coatings are formed by adsorbing BMP-2/heparin mixed
solution on CS/Ag/HA coatings. BMP-2 is immobilized through
electrostatic interaction.
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each well in the plates, and the samples were further incubated for 12 h
at 37 °C. Finally, 200 μL of bacterial suspension on each sample was
collected and transferred to a 96-well plate. Bacterial growth was
monitored by measuring optical density (OD) at 600 nm in a
microplate reader (MQX200, BioTEK). The bactericidal ratio of the
coatings was calculated according to the following equation:28,29

=
−

×

bactericidal ratio (%)
OD of contrastive group OD of experimental group

OD of contrasive group
100%

(1)

2.6. In Vitro BMP-2 Release. The BMP/CS/Ag/HA and BMP/
Ag/HA were incubated in 1 mL of PBS to evaluate the release kinetics
of BMP-2 immobilized on CaP coatings. Incubation was carried out
with shaking at 37°C. At the time intervals of 1, 3, 5, 7, 10, 13, 18, and
25 days, the solution was collected and replaced with fresh solution.
The BMP-2 concentration of the collected solution was determined
using a human BMP-2 ELISA Kit (R&D).
2.7. Culture of Osteoblasts. Osteoblasts (OB; MC3T3-E1, CRL-

2593, ATCC) were cultured on various coatings to evaluate the
biocompatibility of the samples. The following four groups of samples
were used: CS/Ag/HA, Ag/HA, pure HA, and pristine Ti. OB were
cultured in α-MEM (HyClone) supplemented with 10% fetal bovine
serum (FBS; HyClone) and 1% penicillin−streptomycin solution
(HyClone). The cell density was 2 × 104 cells/sample. The culture
medium was replaced every 2 days.
Cell morphology was observed using the SEM (JSM 6390) after 3

and 7 days of culture. First, the medium was removed and the cells
were fixed in a solution containing 2.5% glutaraldehyde for 4 h.
Second, the cells were dehydrated through a graded series of alcohol,
and then dealcoholized by immersing in a graded series of ethyl
acetate. Finally, cells were critically point dried and gold-sputtered
prior to SEM observation.
Cell proliferation was evaluated by the Alamar Blue assay after 3 and

7 days of culture. During the Alamar Blue assay, the culture medium in
the 24-well plate was replaced with 300 μL of Medium 199 (GIBCO)
supplemented with 10% FBS and 10% Alamar Blue. The cells were
incubated at standard cell culture conditions for 4 h. The OD of the
medium was read at 600 and 570 nm against a medium-blank Alamar
Blue in a microplate reader (MQX200).
The differentiation of cells was evaluated by the ALP activity assay.

After 7 days of culture, the medium was removed from the wells and
the cells were washed twice with PBS. Afterward, 300 μL of 1 % Triton
X-100 (Amresco) was used to lyse the cells in each well. The total
protein concentration of the cell lysate of each sample was measured
using a BCA Kit (Jiancheng Biotech, China). ALP activity was
measured using an ALP Assay Kit (Jiancheng Biotech). The final ALP
activity was normalized with respect to the total protein content
obtained from the same cell lysate. In each case, four specimens were
tested and the assay was repeated two times.
2.8. Culture of BMSCs. BMSCs were cultured on various coatings

to evaluate the osteoinductivity of the coatings. The following four
groups of samples were used: BMP/CS/Ag/HA, CS/Ag/HA, BMP/
Ag/HA, pure HA, and pristine Ti. BMSCs were extracted from 1 week
old SD rats. After purification and passage, BMSCs were seeded on
four groups of samples with the density of 5 × 104 cells/sample. The
culture medium was α-MEM supplemented with 10% FBS and 1%
penicillin−streptomycin solution. The morphologies of BMSCs were
assessed using immunofluorescence staining. After fixation, cells were
incubated in blocking solution (10 mg/mL of bovine serum albumin)
for 30 min at room temperature. The cells were then incubated with
primary antibody anti-actin (BIOTER, China), second antibody goat-
anti-rabbit (BIOTER), and Rabbit Anti-Goat IgG-TRITC (BIOTER).
Finally, cells were mounted with glycerol, and observed under a
fluorescent microscope (DMIL, Leica, Germany). Cell proliferation
was evaluated using the Alamar Blue assay at 3 and 7 days. The
differentiation of cells was evaluated using the ALP activity assay after
14 days of culture. The details of the test methods are described in
Section 2.7.

2.9. Animal Experiments. Ti bars (Φ 2 × 5 mm) with BMP/CS/
Ag/HA coatings, and BMP/Ag/HA coatings were implanted into the
femurs of rabbits to evaluate the osteoconductivity of the coatings in
vivo. The experiments were performed in accordance with protocols
approved by the local ethical committee and laboratory animal
administration rules of China. Four Japanese big-ear white rabbits with
a mean body weight of 3 kg were used. Surgery was performed under
conditions of general anesthesia with 2% pentobarbital sodium. The Ti
bars were placed in the 3 mm holes on the thighbone, which were pre-
opened using a bone drill, on one hind leg of each rabbit (Supporting
Information Figure S1). After surgery, the rabbits were administered
with penicillin for 3 days.

All rabbits were sacrificed through air embolism after 12 weeks. The
specimens were fixed for histological observations. First, the specimens
were fixed in 10% formalin in 0.01 M PBS for 7 days at 4 °C, rinsed in
water for 24 h, dehydrated with gradient concentrations of alcohol,
infiltrated with xylene, and embedded in PMMA polymerized from
MMA. Second, PMMA fixed specimens were cut into 200 μm thin
sections using a Lecia 1600 slicer (Microm, France). Finally, thin
sections were stained with Van Gieson to detect the new bone
formation. The stained sections were observed with a light microscope
(Olympus 60X, Japan). The retrieved specimens were also scanned
with a Micro-CT scanner (XTV160H; X-TEK, England) to observe
the new bone formation around the specimens. The scanning was
performed at 90 kV and 40 μA.

2.10. Statistical Analysis. The data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s multiple-
comparison post hoc test to determine any statistical significance of
difference between the test groups. The level of statistical significance
was set at p ≤ 0.05.

3. RESULTS

3.1. Characterizations of CS/Ag/HA Coatings. The SEM
micrograph in Figure 1a reveals that Ag NPs are uniformly

Figure 1. SEM micrographs of (a) CS/Ag/HA coatings, (b) Ag/HA
coatings, and (c) HA coatings.
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distributed in CS/Ag/HA coatings, and the sizes of Ag NP
range from 100 to 200 nm. In Ag/HA coatings, Ag NPs
agglomerate and forms large clusters (Figure 1b). The HA in
the Ag/HA coatings and pure HA coatings have flowerlike
structures (Figure 1b and c). However, HA in CS/Ag/HA
coatings does not exhibit the typical morphology because it is
covered by CS molecules (Figure 1a). The cross-sectional view
of the CS/Ag/HA coating indicates that thickness of the
coating is about 20 μm. EDS line scanning was conducted
through the cross section of coatings, which proves that Ag is
distributed inside the CS/Ag/HA coatings (Figure 2). To

determine the composition of the coatings, EDS detection was
performed on the different area of three parallel samples. The
results reveal that the atomic ratios of Ca to P in CS/Ag/HA
and Ag/HA are 1.60 and 1.45, which is close to the atomic ratio
of HA. The TEM micrograph in Figure 3a also demonstrates
that Ag NP uniformly distributes in the coatings that are
extracted from Ti specimen surfaces. The high-resolution TEM
(HRTEM) micrograph in Figure 3b shows that the lattice
fringe of crystalline HA appears around the Ag NP, which
indicates that Ag NP and crystalline HA integrate seamlessly.
The thin film X-ray diffraction (TF-XRD) spectra of the CS/
Ag/HA and Ag/HA coatings exhibit typical HA peaks at 2θ
value of 25.8° and in the range of 31.7−33° (Figure 4). TF-
XRD spectra also show that the CS/Ag/HA and Ag/HA
coatings contain well-crystallized Ag, as revealed by the
diffraction peaks at 2θ values of 38° and 44.3° that are
corresponding to the (1 1 1) and (2 0 0) planes of Ag,
respectively. In the FT-IR spectrum of CS/Ag/HA coating
(Supporting Information Figure S2), the peaks at 3444 and
1646 cm−1 belong to the amide group of CS, which confirms

the presence of CS in the coatings. FT-IR characterization
further proves the success of the ED process. The TG analysis
results reveal that the weight percentage of CS in CS/Ag/HA
coatings was 15.7 wt % (Supporting Information Figure S3).
Note that, from EDS results, the mass ratio of HA to Ag is 19.5
wt %. Combining the results of TG and EDS analysis, it can be
inferred that the weight percentage of HA and Ag is 62.5 and
15.2 wt %, respectively. The tensile strength of Ag/HA and CS/
Ag/HA coatings are 3.3 ± 1.1 MPa and 7.7 ± 2.0 MPa,
respectively.

3.2. Ag Release and Antibacterial Activity of BMP/CS/
Ag/HA Coatings. The release of Ag from BMP/CS/Ag/HA,
CS/Ag/HA, and Ag/HA coatings exhibits sustained release
kinetics without burst release. After 30 days of soaking in PBS,
the total Ag ions that are released from BMP/CS/Ag/HA, CS/
Ag/HA, and Ag/HA coatings are 4.7, 4.8, and 4.9 mg/L,
respectively, which is high enough to inhibit bacterial growth
(Figure 5a).25,28 The Ag release rate of BMP/CS/Ag/HA
coatings is comparable with that of CS/Ag/HA and Ag/HA
coatings. To elaborate the mechanism for Ag and BMP release,
the release profiles are fitted by typical drug release models.
There are a series of widely used models, such as the zero
order, first order, and Higuchi model. In this study, a simple
Peppas model (eq 2) is selected to fit the release profiles:30

=Q kt n
(2)

where Q is the fraction of total release, k is the kinetic constant,
and n is the release exponent. In the thin film model, if n < 0.5,
diffusion is Fickian; if 0.5 < n < 1, diffusion is non-Fickian; and

Figure 2. (a) EDS line scanning along the cross section of CS/Ag/HA
coatings. (b) Elemental distribution along the EDS line.

Figure 3. (a) TEM micrograph of the CS/Ag/HA coatings extracted
from Ti surfaces. (b) HRTEM micrograph of the CS/Ag/HA coatings.

Figure 4. TF-XRD spectra of CS/Ag/HA and Ag/HA coatings.
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if n = 1, zero order drug release mechanism dominates. The
values of n of the Ag release profiles are shown in Table 1. The

values of n of three groups are in the range from 0.53 to 0.56,
which reveals that Ag release is controlled by the non-Fickian
diffusion mechanism that could be the combination of erosion
and diffusion.
The BMP/CS/Ag/HA, CS/Ag/HA and Ag/HA coatings

show strong antibacterial activities against both E. coli and S.
epidermidis. As shown in Figure 5b and c, the color of the
bacterial suspensions of BMP/CS/Ag/HA, CS/Ag/HA, and
Ag/HA groups were clearer than that of pristine Ti after three
groups were incubated with bacteria for 24 h, demonstrating
that bacterial growth is inhibited on the BMP/CS/Ag/HA, CS/
Ag/HA, and Ag/HA coatings. Quantitative analysis indicates
that the bactericidal ratios of E. coli on Ag/HA, CS/Ag/HA,
and BMP/CS/Ag/HA coatings are 93%, 94%, and 92%,
respectively (Figure 5d). The bactericidal ratios of S. epidermidis
on Ag/HA, CS/Ag/HA, and BMP/CS/Ag/HA coatings are
91%, 92%, and 91%, respectively (Figure 5e). These results

indicate that the antibacterial activity of BMP/CS/Ag/HA and
CS/Ag/HA is the same as the antibacterial activity of Ag/HA,
and the addition of BMP/heparin and CS does not reduce the
antibacterial activity of Ag in the coatings.

3.3. Biocompatibility of CS/Ag/HA Coatings. SEM
images show that the CS/Ag/HA coatings favor osteoblast
spreading and attachment (Figure 6a and e). The cell affinity of

the CS/Ag/HA coatings could be partially attributed to the CS
contained in the coatings. Cells also spread well on the Ag/HA
(Figure 6b and f) and pure HA coatings (Figure 6c and g)
because HA has the flowerlike structures in the coatings that
could promote cell spreading and adhesion.31 By contrast, cells
on the pristine Ti surfaces spread well up to 7 days of culture
(Figure 6d and h).
Results from Alamar Blue assay reveal that the proliferation

of OB on CS/Ag/HA coatings is better than proliferation on
Ag/HA coatings, and is comparable to proliferation on pure
HA coatings (Figure 6i). After 3 days of culture, the
proliferation activity of cells on CS/Ag/HA and Ag/HA
coatings is lower than that on pure HA coatings and pristine Ti.
After 7 days of culture, the proliferation activity of cells on CS/
Ag/HA coatings is as high as that on pure HA coatings, and is
significantly higher than that on Ag/HA coatings. Results from
ALP activity test indicate that OB located on the CS/Ag/HA
coatings have a significantly higher ALP activity than that on
Ag/HA and pure HA coatings (Figure 6j). Comparison of
osteoblast behaviors on CS/Ag/HA and Ag/HA coatings
suggests that addition of CS reduces Ag toxicity in the coatings.

3.4. BMP-2 Release. Both BMP/CS/Ag/HA coatings and
BMP/Ag/HA coatings exhibit sustained release kinetics. No
burst release was observed in both groups. BMP-2 immobilized
on CS/Ag/HA coatings has a slower release rate than when
immobilized on Ag/HA coatings (Figure 7). Percentages of
BMP-2 released from BMP/CS/Ag/HA and BMP/Ag/HA
coatings after 25 days are approximately 56% and 86%,
respectively. The release profiles of BMP were also fitted by the

Figure 5. (a) In vitro release profiles of Ag ions from BMP/CS/Ag/
HA, CS/Ag/HA, and Ag/HA coatings. (b) E. coli and (c) S.
epidermidis suspensions that were cultured with different specimens for
24 h. Optical density measurement of growth of (d) E. coli and (e) S.
epidermidis that were cultured with different specimens for 24 h.

Table 1. BMP Release Kinetics Parameters Obtained from
the Peppas Modela

samples k n r2

BMP/CS/Ag/HA 11.58 ± 1.43 0.62 ± 0.06 0.984
BMP/Ag/HA 14.23 ± 0.64 0.69 ± 0.03 0.998

aThe values are obtained when the released BMP is smaller than 60%.

Figure 6. Morphologies, proliferation, and differentiation of OB on
various coatings. (a) CS/Ag/HA coatings, 3 days. (b) Ag/HA coatings,
3 days. (c) Pure HA coatings, 3 days. (d) Pristine Ti, 3 days. (e) CS/
Ag/HA coatings, 7 days. (f) Ag/HA coatings, 7 days. (g) Pure HA
coatings, 7 days. (h) Pristine Ti, 7 days. (i) Proliferation of OB cells.
(j) ALP activity of OB after 7 days culture. Scale bars: 10 μm. Asterisk
(*) denotes significant differences (p < 0.05).
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Peppas model. The values of n are 0.62 and 0.69 (Table 2),
respectively, which indicates that BMP release is dominated by
a non-Fickian diffusion mechanism.

3.5. Culture of BMSCs. Immunofluorescence staining
shows that BMSCs grow well on all groups (Figure 8a−j).
Alamar Blue assay reveals that the proliferation of BMSCs on
BMP/CS/Ag/HA coatings is nearly equal to that of BMSCs
grown on CS/Ag/HA and pure HA coatings, and is higher than
of BMSCs on BMP/Ag/HA coatings and pristine Ti (Figure
8k). ALP activity test showed that BMSCs on BMP/CS/Ag/
HA coatings have higher ALP activity than other groups, which
proves that BMSCs have been successfully induced to
differentiate to osteoblasts by the BMP-2 released from
BMP/CS/Ag/HA coatings (Figure 8l).
3.6. Histological Analysis. Histological analysis indicates

that the BMP/CS/Ag/HA-Ti has high osteoconductivity in
vivo. As shown in Figure 9, bone tissue is stained red by the
Van Gieson’s picro-fuchsine stain. The BMP/CS/Ag/HA-Ti is
completely covered by bone tissue without a cartilaginous
intermediate (Figure 9a). New bone grows outward from the
implant surfaces and links with nearby host bone, which reveals
the strong osteoconductivity of BMP/CS/Ag/HA-Ti. No
significant Ag toxicity was found in the BMP/CS/Ag/HA-Ti
group. In contrast, the BMP/Ag/HA-Ti was partly covered by
bone tissue after 12 weeks implantation (Figure 9c). Osteocytes
(marked by blue arrows) were also observed in the newly
formed bone, which indicates bone maturation after 12 weeks
implantation (Figure 9b and d).
3.7. Micro-CT Analysis. Micro-CT analysis proves strong

osteoinductivity of BMP/CS/Ag/HA-Ti in vivo. Micro-CT
slice imageing shows that new bone directly contacts with the
surface of the implant, and the density of new bone is close to

that of cortical bone (Supporting Information Figure S4a).
Furthermore, Micro-CT 3D rendering images indicate that new
bone also grows along the surface of the implant into the
medullary cavity of the femur (Supporting Information Figure
S4b and c).

4. DISCUSSION
Metallic implants require not only osteoinductivity that induces
bone formation, but also antibacterial activity that protects the
implants from contamination for long-term therapy.32,33 Thus,
the growth factors on implant surfaces for osteoinductivity and
agents for antibacterial activity should maintain their

Figure 7. In vitro release profiles of BMP-2 from BMP/CS/Ag/HA
and BMP/Ag/HA coatings.

Table 2. Ag Release Kinetics Parameters Obtained from the
Peppas Modela

samples k n r2

BMP/CS/Ag/HA 0.15 ± 0.02 0.54 ± 0.05 0.987
CS/Ag/HA 0.15 ± 0.02 0.56 ± 0.06 0.986
Ag/HA 0.17 ± 0.02 0.53 ± 0.05 0.988

aThe values are obtained when the released Ag ions is smaller than
60%.

Figure 8. Immunofluorescence staining, proliferation, and differ-
entiation of BMSCs on various coatings. (a) BMP/CS/Ag/HA
coatings, 3 days. (b) CS/Ag/HA coatings, 3 days. (c) BMP/Ag/HA
coatings, 3 days. (d) Pure HA coatings, 3 days. (e) Pristine Ti, 3 days.
(f) BMP/CS/Ag/HA coatings, 7 days. (g) CS/Ag/HA coatings, 7
days. (h) BMP/Ag/HA coatings, 7 days. (i) Pure HA coatings, 7 days.
(j) Pristine Ti. (k) Proliferation of BMSCs measured by Alamar Bule
assay. (l) ALP activity of BMSCs after 14 days culture. Scale bars: 200
μm. Asterisk (*) denotes significant differences (p < 0.05).

Figure 9. Histological sections of the implants stained with Van
Gieson’s picric acid-fuchsin after 12 weeks of implantation. (a) BMP/
CS/Ag/HA-Ti. (b) Amplified image of (a). (c) BMP/Ag/HA-Ti. (d)
Amplified image of (c). (a, c) Magnification ×16. (b, d) Magnification
×200. Green stars, new bone; blue arrows, osteocytes.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501428e | ACS Appl. Mater. Interfaces 2014, 6, 8580−85898585



effectiveness for a desired period. First, the release of growth
factor, such as BMP, should keep 2−3 weeks to promote bone
healing. Secondly, the antibacterial agents should remain at the
implant site for a sufficient period of time (about 6 weeks) to
allow new bone formation.34 Although loading antibiotics on
the implant surfaces is widely used to prevent bacterial
infections, previous reports indicate that antibiotics release
fast during the initial few days.35,36 Ag could ensure the long-
term antibacterial activity of implants during the period of new
bone formation. Wu et al.37 loaded Ag into porous nano-HA/
titiania/polyamide66 scaffolds, and found that Ag ions
sustained release over 25 days in different medium. Li et al.38

deposited nano-titania/Ag coatings on Ti substrates, and their
results showed that Ag ions sustained release over 28 days from
the coatings. In the present study, BMP/CS/Ag/HA coatings
that can dual release BMP-2 and Ag ions were prepared, and
were found to induce new bone formation and inhibit bacterial
growth. The BMP-2 in the coatings releases over 25 days, and
Ag ions release for more than 30 days. The release time of Ag
ions is enough to protect the implants from infection during
new bone formation process. Thus, this dual functional coating
controls the infection and promotes new bone formation on Ti
implants.
In the CS/Ag/HA coatings, the uniform distribution of Ag

NPs was facilitated by using CS as a stabilizing agent. Ag+ is
chelated by two amino groups of chitosan.39,40 The stabilization
of Ag nanoparticles by CS could be ascribed to the
nuncleophilic character of CS, which chelates Ag by donating
electrons.41 The SEM image shows that Ag tends to
agglomerate and form large clusters in Ag/HA composite
coatings (Scheme 1b). During the deposition of Ag/HA
coatings, HA is formed by the reaction between Ca2+, H2PO4

−,
and OH−. The OH− is produced by the electrolysis of H2O.
Note that the standard reduction potential of Ag+ is +0.7996,
which is higher than the standard reduction potential of the
electrolysis of H2O, which suggests that reduction and
deposition of Ag is easier and faster than that of HA. Thus,
without a stabilizing agent, larger Ag clusters are formed
because of the faster deposition rate of Ag, as reported in
previous studies.42,43 In our previous study, uniform distribu-
tion of Ag NPs in CaP coatings was obtained when L-cysteine
was used as the stabilizing agent.27 In the present study, CS was
used as the stabilizing agent. CS chelates Ag ions to form CS-
Ag+ complexes in the electrolyte. During the ED process, CS−
Ag+ complexes move to the cathode under the assistance of
electropotential and deposit on Ti surfaces. Thus, the reduction
of Ag ions on the surface of the Ti cathode is maintained at a
mild speed. After reduction, the electrostatic repulsive force
between CS molecules prevents the aggregation of Ag NPs. A
uniform distribution of Ag NP in the coatings is obtained
(Scheme 1). Meanwhile, the release kinetics of Ag ions from
CS/Ag/HA and Ag/HA coatings were compared, and results
demonstrate that CS does not affect the release of Ag ions from
HA coatings (Figure 5a).
CS/Ag/HA coatings demonstrate high antibacterial activity

to bacteria and low toxicity to cells. Antibacterial tests reveal
that CS/Ag/HA coatings exhibit strong antibacterial activity
(Figure 5). Note that the effective antibacterial concentration of
Ag varies in a large range in the literature. Chung et al.25

synthesized Ag/HA coatings using a sol-gel method and
observed that inhibition of bacterial growth around the Ag/HA
coatings when the concentration of Ag ions ranges from 100 to
1000 ppm. Lee and Murphy28 prepared Ag-contained CaP

coatings using a biomimetic method, and results from their
antibacterial tests revealed that the Ag concentrations ranging
from 0.2 to 0.5 μg/mL are enough to inhibit bacteria growth. It
should be pointed out that high concentration of Ag could be
toxic to cells and detrimental to the biocompatibility of CaP
coatings.24,29 In the present study, the concentration of Ag ions
released from Ag/HA and CS/Ag/HA coatings at each time
interval ranges from 0.13 to 0.12 mg/L. Even these low
concentrations of Ag ions that released from the coatings
exhibit toxicity to osteoblasts to a certain extent. As shown in
Figure 6, cells on Ag/HA coatings exhibit lower proliferation
and differentiation activity than that on pure HA coatings.
However, Ag toxicity is reduced by the addition of CS. Results
from Alamar Blue and ALP assay show that CS/Ag/HA
coatings are more favorable for osteoblast proliferation and
differentiation compared with Ag/HA coatings. One possible
reason is that addition of CS leads to uniform distribution of Ag
NP in the coatings and prevent the formation of larger Ag
clusters, which reduces the toxicity of Ag ions. Note that bare
Ag NPs could entry into the cells and influence cell viability.44

After being chelated by CS, Ag NPs show less toxicity because
they cannot be uptaken and internalized by cells, as claimed by
Travan et al.40 In their work, they used CS-derived
polysaccharide to stabilize Ag NPs, and the composite does
not show cytotoxic effect toward cells. Geiser et al.45 also
declared that CS immobilized Ag NPs could generate physical
barriers to Ag NPs diffusion into cells. Another reason for the
good biocompatibility of CS/Ag/HA coatings is that CS itself
promotes cell proliferation and adhesion, as previously reported
in a number of studies.46−49

It is interesting that the ALP activities of the CS/Ag/HA
sample are better than those of the HA sample for both OB and
BMSCs. Generally speaking, OB could express ALP without
BMP. HA has been widely reported to promote the ALP
activity of OB. Hao et al.50 sputtered HA coatings on Ti plates
and cultured OB on the HA-coated Ti plates, and found that
the ALP activity of OB on HA-coated Ti plates is significantly
higher than that on pure Ti plates. Kim et al.51 prepared HA
coatings on Ti surfaces by a sol−gel method, and showed that
HA-coated Ti promotes the ALP activity of human
osteosarcoma cells. Moreover, previous studies indicate that
CS could also enhance ALP expression of OB. Gaharwar et al.49

added CS to silicate cross-linked poly(ethylene oxide) to
promote cellular activity, and found that CS increases the ALP
activity of MC3T3-E1 cells. Lin et al.52 covalently bonded CS,
alginate-cross-linked CS, and percin-cross-linked CS to Ti-6Al-
4V surfaces and indicated that CS-based polymer coatings lead
to faster OB proliferation and higher ALP expression.
Furthermore, CS/HA composites for good cell activity and
bone regeneration have also been reported. Thien et al.53

prepared CS nanofibers by an electrospinning technique and
then treated with simulated body fluid to generate HA on the
surface. In their in vitro test, rat osteosarcoma cells exhibit high
ALP activity on the CS/HA composite nanofibers. Kong et al.54

combined HA into CS scaffolds by an in situ method, and
found that the cells on composite scaffolds showed high ALP
activity. In this study, ALP activity of OB on the CS/Ag/HA
sample are better than that of cells on the HA sample, which
probably could be ascribed to the synergistic effects of both CS
and HA, and further study is needed.
The BMP-2 was mixed with heparin to form complex so as to

maintain the activity. Heparin is a polyanion that can enhance
the force of electrostatic interaction between CS and BMP-
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2.55,56 In addition, heparin has high binding affinity to BMP-2
and can protect the activity of BMP-2.57 Lee et al.58

immobilized the BMP-2/heparin complex on the poly-L-lysine
grafted Ti by electrostatic interactions, and the results revealed
that the BMP-2/heparin complex increases the ALP activity of
MG63 cells. Ishibe et al.59 used heparin to maintain the activity
of BMP-2 on apatite-coated Ti. Their in vivo studies showed
that new bone is formed around the apatite-covered Ti coated
with BMP-2/heparin. These reports have proved that heparin
could effectively maintain the activity of BMP-2. Our study
demonstrated that BMSCs on the BMP-2/CS/Ag/HA coatings
have high ALP activity, which proved that activity of BMP-2 is
maintained in vitro. Moreover, the results from animal
experiments also indicated that BMP-2 on BMP-2/CS/Ag/
HA coatings has good activity in vivo.
The BMP/CS/Ag/HA coatings allow the sustained release of

BMP-2. The release rate of BMP-2 in CS/Ag/HA coatings is
significantly lower than that of Ag/HA coatings. BMP-2 is
immobilized on CS/Ag/HA coatings by electrostatic inter-
action between CS and BMP-2/heparin. The release test shows
that BMP-2 only release 10% on the first day and 56% at 25
days from BMP/CS/Ag/HA coatings, which is comparable and
considerably better than other reports. Macdonald et al.60

loaded BMP-2 in polyelectrolyte multilayers using the self-
assembling method, and 80% BMP-2 was released during the
first 2 days. Kim et al.61 loaded BMP-2 on implant surfaces
using a chemical cross-linking reaction, and 69% BMP-2 was
released on the first day. In summary, the current results
suggest that electrostatic interaction in the BMP/heparin/CS
system is strong enough to immobilize BMP-2 molecules and
allow for the sustained release of BMP-2.
The in vitro and in vivo studies indicate that BMP/CS/Ag/

HA coatings have good osteoinductivity. The ALP assay shows
that BMSCs have been induced to osteoblasts after 14 days of
culture on BMP/CS/Ag/HA coatings. Animal experiments
indicate that osteoinductivity of BMP/CS/Ag/HA-Ti is higher
than that of BMP/Ag/HA-Ti. There are several reports on the
incorporated of BMP-2 in CaP coatings. Wu et al.62 employed
two methods to load BMP on polymer substrates: in one
method, BMP-2 and CaP were codeposited on the substrates,
and in the other method BMP-2 was directly adsorbed on
polymer substrates. Their in vivo studies indicate that BMP-2
incorporated CaP coatings are more efficacious in inducing
bone formation than directly-adsorbed BMP-2. Hunziker et
al.63 also employed the biomimetic method to prepare two
samples, namely, BMP-2 incorporated into CaP coatings and
BMP-2 adsorbed on the surfaces of CaP coatings. They found
that CaP coatings incorporated with BMP-2 have better
performance based on in vivo studies. Bae et al.64 prepared
BMP-2 nanocomplex by the ionic interaction between BMP-2
and chondroitin sulfate, and codeposited BMP-2 nanocomplex
with CaP on Ti surfaces. Their results revealed that the
osteogenic activity of osteoblast cells was highly upregulated by
the BMP-2/CaP coatings. Results obtained from the present
study are similar to these previous reports, and thereby further
confirming that BMP-2 stably immobilized in CaP coatings
greatly enhances the osteoinductivity of CaP coatings.

5. CONCLUSIONS
BMP-2 and nano-Ag contained HA coatings on Ti surfaces
were prepared by combining electrochemical deposition of Ag
and electrostatic immobilization of BMP-2. Chitosan (CS) was
selected as the suitable stabilizing agent to realize the uniform

distribution of Ag nanoparticles in the HA coatings. CS also
reduces Ag toxicity while retaining its antibacterial activity. In
addition, CS facilitates the immobilization of BMP through the
electrostatic interaction between biomolecules, including CS,
heparin, and BMP. All the processes are conducted at mild
conditions that favor growth factor incorporation. Sustained
release of BMP-2 and Ag ions from HA coatings was
successfully demonstrated for a long period. These coatings
exhibit high osteoinductivity and antibacterial properties as
revealed by in vitro and in vivo studies. In summary, this study
presents a convenient and effective method for the incorpo-
ration of growth factors and antibacterial agents into CaP
coatings.
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