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Abstract
In this paper, petaling hydroxyapatite (HA)/TiO2 composite coatings were firstly prepared on titanium (Ti) surface by one-step
micro-arc oxidation (MAO), and then pure chitosan (CS) and bone morphogenic protein-2 (BMP-2)-encapsulated CS coatings
were respectively loaded on the HA/TiO2 surfaces by dip-coating method to endow Ti with good antibacterial and biological
properties. The bonding strength between coatings was studied by scratch method. The degradability of CS, BMP-2 release
behavior, bioactivity, biocompatibility and antibacterial activity of the obtained (BMP-2)/CS/HA/TiO2 coatings were examined
by in vitro tests. The results showed that, the thicker the HA layer, the larger the loaded BMP-2 and CS amount, resulting in better
bonding strength between coatings, antibacterial activity and biocompatibility. In addition, with the increase of CS concentration,
more CS was loaded on HA coatings, which benefited the increase of CS degrading amount, the prolonged CS degradation time
and BMP-2 release time, resulting in improved antibacterial and biological property. All CS/HA/TiO2 coatings accelerated cell
adhesion, spreading and proliferation, and promoted HA formation in simulated body fluids (SBF). After loading BMP-2 in CS,
the BMP-2 can significantly improve cell adhesion, spreading and proliferation, and the loaded amount can also be controlled by
the concentration of BMP-2 solution. The present study indicates that, by controlling the thickness of HA layers and concentra-
tions of CS and BMP-2 solutions, the Ti implant material with excellent biological and antibacterial properties can be achieved.
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1 Introduction

Titanium (Ti) is one of the most widely used implant materials
for bone repair because of its excellent mechanical property,
chemical stability and biocompatibility (Arifin et al. 2014;
Han et al. 2017). But Ti-based implant was bioinnert and
cannot bone-bond with bone tissues, which hindered the ap-
plication of this material. To improve the biological properties
of Ti implant and achieve firm combination with bone tissues,

hydroxyapatete (HA) is frequently deposited on Ti surface due
to that HA is the main inorganic component of the natural
bone tissues. Among the many methods of preparing HA
coatings on metal surface, micro-arc oxidation (MAO) is a
convenient, effective and economical technique. By MAO,
HA/TiO2 composite ceramic coatings can be prepared rapidly
on Ti surfaces and the binding force between HA coatings and
Ti substrates can be improved due to the existence of the
rough interfacial layer of TiO2 (Wang et al. 2018). Yet, the
HA/TiO2 coatings are lacking in antibacterial activity, which
is a serious problem that can lead to postoperative infection
and even surgical failure. Therefore, it is necessary to modify
the HA-coated implants to have good antibacterial property.
Based on the literature, antibacterial materials can be intro-
duced to the implant surfaces to lower the risk of postoperative
infection by preventing the bacterial adhesion and prolifera-
tion. Compared with other antibacterial materials, chitosan
(CS) has more advantages due to its suitable nontoxicity, bio-
compatibility and degradation (He et al. 2017). Some re-
searchers also explored the combination of HA and CS to
achieve good biological and antibacterial property (Yu et al.
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2018a, b; Zhang et al. 2017). And their results showed that,
although the antibacterial property was enhanced, its biologi-
cal property was still not satisfying. For serious diseases that
requires rapid wound healing, it can hardly meet the clinical
needs. To strengthen the biological property of bio-composite
coatings, bone morphogenic protein-2 (BMP-2), which is one
of the most widely used growth factors because of its essential
role in bone regeneration, has been usually used in biological
implantation. But BMP-2 exhibits short-range diffusion
and acts locally due to its short half-lives and slow diffu-
sion, resulting in that BMP-2 must be carried and released
in a controlled and sustained manner. It has been reported
that biodegradable polymer materials could be an excel-
lent carrier for growth factors (Hsieh et al. 2017; Skodje
et al. 2015), therefore, CS may be a suitable carrier for
BMP-2 due to its degradable and biocompatible properties
(Yun 2013). After implantation, CS would control the re-
lease rate of BMP-2 by adjusting the degradation rate.
Although there have been some reports of the HA/CS/
BMP-2 microspheres or scaffolds to accelerate bone
healing (Sun et al. 2018; Liu et al. 2013; He et al. 2014;
Wang et al. 2014), those implants often have poor me-
chanical properties, especially for load-bearing bone tis-
sues. Up to now, there has been no reports of preparing
BMP-2/CS/HA/TiO2 coatings on Ti surfaces. On the other
hand, after implanted in organisms, the adhesion strength
directly affects the long-term stability of the implant, and
the fast peeling of effective coatings from substrates
means the failure of the expected good effects. It has been
reported that the coating adhesion strength is controlled
by the the properties of the coatings and substrates, such
as fracture strength, hardness, microstructure, modulus of
elasticity, composition and thickness and the test parame-
ters (Sharifi et al. 2018). Thus, for the prepared BMP-2/
CS/HA coatings, there is necessary to study the adhesion
strength of the prepared composite coatings on Ti
substrates.

In this work, HA/TiO2 coatings with different thickness
were firstly prepared on Ti surfaces by MAO technology,
and then pure CS and BMP-2 encapsulated CS with various
concentrations were loaded on the HA/TiO2 surfaces. It was
expected that the stability, biological properties and antibacte-
rial activity of the Ti surface would be significantly improved
by the BMP-2/CS/HA/TiO2 coating, and the research results
can be a guidance for the surface modification of Ti-based
implant material. The loaded CS amount, degrading rate and
the release behavior of the BMP-2 from different BMP-
2/CS/HA/TiO2 coatings were investigated and compared.
The biological properties were evaluated by simulated
body fluids (SBF) soaking test and MC3T3-E1 cell co-
culture experiment. The antibacterial effect against
E. coli was evaluated by the optical technique and bac-
terial counting method.

2 Experimental methods

2.1 Materials preparation

Commercially pure Ti plates (TA1, Tianjin, China) with the
diameter of 10 mm and the thickness of 1 mm were firstly
polished with abrasive paper (800#, 1000#, 1500# and
2000#), washed with de-ionized water, and then used as the
substrates for MAO treatment to obtain HA/TiO2 composite
coatings on Ti surfaces. The electrolytes were prepared by
dissolving analytically pure (CH3COO)2Ca·H2O and
NaH2PO4·2H2O in de-ionized water with concentrations of
0.2 mol/l and 0.1 mol/l respectively. The voltage - current -
time, frequency and duty ratio were separately set at 400 V-
0.2 A - 3 min (MAO-1), 360 V - 0.4 A - 5 min (MAO-2), and
360 V - 0.5 A - 8 min (MAO-3), 100 HZ and 50%. During
MAO process, Ti was used as anode, platinum plate was cath-
ode, and the distance between the two electrodes was 5 cm. To
prepare the pure CS-coated HA/TiO2 (CS/HA/TiO2) and the
BMP-2-encapsulated CS-coated HA/TiO2 (BMP-2/CS/HA/
TiO2), the as-obtained HA/TiO2 coatings were dipped in
3 ml of the following solutions for 3 min and then lifted out
in a rate of 150 mm/min. The applied solutions were as fol-
lows: (a) CS solutions (0.5, 1, 3 and 4 mg/ml) which were
prepared by dissolving pure CS in 2 vol% glacial acetic acid;
(b) BMP-2 solutions (3.4, 6.8 and 10 μg/ml) which were di-
luted from a BMP-2 stock solution with phosphate buffer
solution (PBS) and the BMP-2 stock solution was prepared
by dissolving BMP-2 in 2 vol% glacial acetic acid (10 μg/ml);
(c) BMP-2/CS solutions which were prepared bymixing 50μl
of BMP-2 solution with 2, 950 μl of sterile-filtered CS solu-
tion. The specimens were allowed to dry in an oven at 60 °C
for 24 h and preserved in sterile conditions. The parameters
used to prepare the different composite coatings were showed
in Table 1.

2.2 Surface characterization

The surface morphology and cross-sections of the specimens
were examined by scanning electron microscopy (SEM,
Hitachi S-4800) and the energy dispersive X-ray analyzer
(EDS)_was used for elemental analysis. The XRD patterns
of the specimens were obtained at room temperature using
an analytical XPERTPRO powder diffractometer (Cu Kα ra-
diation) operating at a voltage of 40 KV. A few micrograms of
the obtained coating surfaces were scraped off and mixed with
KBr, then pressed for structural analysis using fourier
transferinfrared (FTIR) spectroscopy. The loaded CS amount
was studied by weighing method. The adhesive force was
tested by a WS-92 scratch tester. The loading rate was 50 N/
min with the final load of 50 N. Rough-meter (TIME 3200,
Tianjin, China) was used to obtain surface roughness. Static
contact angles (CAs, OCA30) were measured with the
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deionized water at room temperature to evaluate the surface
hydrophilicity.

2.3 Degradation of the CS containing composite
coatings

There were 8 samples for one group and 3 groups were
weighted for each kind of CS/HA/TiO2 coating, to calculate
the CS degradation rate. The degradation of the bio-
composites was studied by soaking in PBS - lysozyme solu-
tion whose concentration was 0.025 mg/ml (similar to human
serum (Peng et al. 2014). The samples were kept in the solu-
tions at 37 °C for various time periods up to 4 weeks. Per 2 or
3 days the PBS - lysozyme solution was replaced by fresh
solution. At the end of each time point, the samples were taken
out, rinsed with distilled water, and vacuum dried at 60 °C to
constant weight, and then the degradation was characterized
by SEM images and weight loss. In addition, to observe the
surface morphology after CS degradation, the composite coat-
ing was also soaked in the 0.500 mg/ml PBS - lysozyme
solution, and the high concentration was used to accelerate
the CS degradation process and shorten the experiment
period.

2.4 In vitro BMP-2 release study

To evaluate the release rate of BMP-2 on different BMP-2/CS/
HA/TiO2 composite coatings, 3 samples of each group were
separately incubated in 5 ml of PBS - lysozyme (0.025mg/ml)
solutions at 37 °C. The concentration of the solution was
similar to that in human serum (0.020 ± 0.003 mg/ml) (Peng
et al. 2014). At the time intervals of 4, 8, 12, 18, 24 and

30 days, the solutions were collected and replaced with fresh
ones. The concentrations of BMP-2 in the collected extrac-
tions were determined using mouse BMP-2 ELISA kit
(EK0311, Boster, China). The total amount of BMP-2 re-
leased over a certain period and the total loaded amount were
accumulated, and normalized with respect to the total protein
content.

2.5 Antibacterial activity evaluation

The antibacterial activity of the samples was evaluated by the
bacterial counting method and optical technique. The micro-
organism of E. coli was used during the evaluation since it is
one of the major causes of all infections. The samples were
sterilized by ultraviolet radiation lamp of 100W for 8 h before
experiments. Each group of the samples with total coating area
of 5.4 cm2 were immersed in 20 ml nutrient solution contain-
ing E. coli at a concentration of ~108 CFU/ml and incubated at
37 °C for 24 h (40 rpm). After that, 50 μl sonicated solution
was diluted 106 times by pure nutrient culture solution. Then
100 μl diluted solution was inoculated onto a standard agar
culture medium. After incubation at 37 °C for 24 h, the active
bacteria were counted. While for the optical technique, the
samples were incubated in bacteria suspension for 40 h (each
group of the samples with total coating area of 2.4 cm2), and
then the viable bacteria in the suspension was evaluated by
ultraviolet spectrophotometry.

2.6 Bioactivity evaluation

Bioactivity of different BMP-2/CS/HA/TiO2 composite coat-
ings was evaluated by investigating their influence on bone-
like apatite formation after soaking in a 1.5 SBF solution. A
standard 1.5 SBF solution consisted of the following analysis
grade chemical reagents in deionized water: 9.8206 g/l NaCl,
3.4020 g/l NaHCO3, 0.5596 g/l KCl, 0.4020 g/l Na2HPO4·
7H2O, 0.4576 g/l MgCl2·6H2O, 0.5520 g/l CaCl2·2H2O,
0.1066 g/l Na2SO4, and 9.0856 g/l Tris. The pH of 1.5 SBF
solutions was adjusted to 7.4. Each sample of HA/TiO2 and
BMP-2/CS/HA/TiO2 composite coatings was respectively im-
mersed in 10 ml 1.5 SBF solutions at 37 °C for 12 days, with
refreshing per 2 days.

2.7 Biocompatibility evaluation

The mouse osteoblastic cell line MC3T3-E1 was purchased
from Cell Resource Center (IBMS, CAMS/PUMC, China).
The cells were seeded on the coating surfaces at a density of
7 × 104 cells/cm2, and then cultured in alpha minimal essential
medium (α-MEM) supplemented with 10% FBS and 1%
penicillin-streptomycin at 37 °C with 5% CO2 as the humid-
ifying air. After cultured for 1 and 4 days, the cell viability and
proliferation were determined utilizing Cell Counting Kit-8

Table 1 Parameters used to prepare the composite coatings with
different CS and BMP-2 amounts

Sample Concentration
of CS (mg/ml)

Concentration
of BMP-2 (ng/3 ml)

1CS/MAO-1 1 –

3BMP-2/1CS/MAO-1 1 500

1CS/MAO-2 1 –

3BMP-2/1CS/MAO-2 1 500

1CS/MAO-3 1 –

3BMP-2/1CS/MAO-3 1 500

1BMP-2/1CS/MAO-3 1 170

2BMP-2/1CS/MAO-3 1 340

0.5CS/MAO-3 0.5 –

3BMP-2/0.5CS/MAO-3 0.5 500

3CS/MAO-3 3 –

3BMP-2/3CS/MAO-3 3 500

4CS/MAO-3 4 –

3BMP-2/4CS/MAO-3 4 500
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(CCK-8, Dojindo, Kumamoto, Japan) according to the
protocol.

The cells were also fixed with 2.5% glutaraldehyde
(Nanjing institute of biological engineering, China) at 4 °C
for 12 h, and then dehydrated by successive immersion in
40%, 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95% and
100% ethanol each for 15 min and each gradient dehydrated
twice. The cells were finally dried in hexamethyl-disilazane
(HMDS) for 15 min, and observed by SEM.

2.8 Statistical analysis

Experiments were run in triplicate per sample. Standard devi-
ations were plotted as error bars for the data points on all
figures. Statistically significant differences were assessed by
SAS. Difference with p values ≤0.05 was considered to be
significant.

3 Results and discussion

3.1 Physicochemical characterizations

Figure 1a showed the XRD spectra of different specimens. It
can be seen that after MAO treatment, TiO2 and HA were
formed on Ti surface, illustrating successful synthesis of the
HA/TiO2 composite coatings. For all BMP-2/CS loaded
MAO surfaces, there were also the peaks of CS at around
11.5° and 21° (Lowe et al. 2016; Mohamed et al. 2017), sug-
gesting that CS was successfully loaded on HA/TiO2 surfaces
by dip-coating method.With the increase of CS concentration,
the intensity of CS peaks became stronger, indicating that, the
larger the CS concentration, the more CS loaded on surface.
CS peak at 21° did not appear in spectrum of 3BMP-2/1CS/
MAO-1 but showed in spectrum of 3BMP-2/1CS/MAO-3,
meaning that the HA layer has effect on CS amount loaded
on the surface. However, the peaks of HA at around 32° be-
came weak, which may be due to the varying degrees of the
coverage of BMP-2/CS on HA coatings (observed in Fig. 2).
There were no obvious peaks representing BMP-2 in all of the
spectra, because the quantity is too small to be detected.

Figure 1b was the FTIR spectra of different surface coat-
ings. The peaks standing for PO4

3−, HPO4
2− and -OH were

observed in BMP-2/CS/HA/TiO2 and HA/TiO2 surfaces,
confirming the existence of HA on surfaces. That element C
existing in the HA/TiO2 coatings is due to the replace of PO4

3−

by CO3
2− from CO2 atmosphere during MAO treatment,

which is in good accordance with the literature (Li et al.
2017). For different BMP-2/CS/HA/TiO2 surfaces, there were
also no characteristic peaks representing BMP-2 because the
content of BMP-2 on surfaces was too trace to be detected.
However, -CH2 group that was one of the main functional
groups of CS was presented at 2846 cm−1 and 2925 cm−1,

showing the successful loading of CS on HA coatings.
Besides, -NH2 and -OH groups representing CS were also
detected on BMP-2/CS/HA/TiO2 surfaces. But there were
shifts for the peaks of -NH2 and -OH at 3441 cm−1 to the
direction of the lower wavenumber, which is due to that -
NH2 groups of CS and -OH groups of HA formed hydrogen
bonds or a complexing action occurred between -NH2 and
Ca2+. Characteristic peak of -NH2 was observed at
1573 cm−1 and it occurred blue shift compared with the same
peak of pure CS, which was due to that N element had cross-
linking effect with other elements of HA. The above results
indicated that, it is not just a simple physical combination
between CS and HA but chemical bonding was formed, which
not only increased the bonding strength between CS and HA
inside the composite coatings but between the CS contained
petaling layer and porous TiO2 layer. For different BMP-2/CS/
HA/TiO2 surfaces, there were no obvious difference for the
spectral lines, suggesting that different HA thickness and CS
concentration ranged from 0.5 mg/ml to 4 mg/ml do not sig-
nificantly affect the chemical compositions.

Fig. 1 XRD patterns (a) and FTIR spectra (b) of different coatings
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Figure 2 showed the morphology of the HA/TiO2 and dif-
ferent BMP-2/CS/HA/TiO2 coating surfaces. For HA/TiO2

surfaces (Fig. 2a-c), petal sheets with densities of about 15–
20, 25–40 and 40–50 petals/100 μm2 were observed, and
there was no obvious difference among the three surfaces
excepted for the increased pore size. The formation process
of the petals have been described in our previous work (Wang
et al. 2018; Liu et al. 2016). In this work, the petal sheets were
4–5 μm in length, 2–3.5 μm in width, and the average spaces
between petal sheets were about 1.5–3 μm. The micro pores
on HA/TiO2 surface were the results of electric breakdown,

which has been reported to facilitate the growth and prolifer-
ation of cells on the material surface (Budiraharjo et al. 2012).
After loading BMP-2/CS on HA/TiO2 surface, BMP-2/CS
leaked into the gaps of the petals and the oxide layer, however
the surface still retained the original porous and petaling to-
pography, seen in Fig. 2d-i (The BMP-2/CS and HA were
respectively pointed out with black arrows). It can be seen that
there was no obvious difference among the BMP-2/CS/HA
surfaces treated by MAO with different parameters (Fig. 2d-
f), while the BMP-2/CS concentration has obvious effect on
surface structure (Fig. 2g-i). With the increase of BMP-2/CS
concentration, more BMP-2/CS was observed on original sur-
face, but the HA petals were still exposed outside in different
degrees.

Figure 3a-c illustrated that after MAO treatment for differ-
ent parameters, HA coatings were about 12, 26 and 43 μm in
thickness and vertically oriented and randomly distributed on
the multi-pore TiO2 layers with thicknesses of 6, 14 and
19 μm. It was clear that the HA/TiO2 layers had a relatively
loose structure and there was a certain porosity in it, while
after loading BMP-2/CS, it leaked into the gaps and the entire
layer became tight and the boundaries between HA and TiO2

layers fade away, which can promote the deformation resis-
tance of the composite coatings and increase the adhesion
strength between the HA petals and porous layers.
Figure 3d-i showed that the BMP-2/CS was mixed with HA
coatings without obvious stratification. The thicker the petal
layer, the more BMP-2/CS leaked into it. From the cross-
section images, it can also be seen that, the larger the CS
concentration, the smaller the porosity of the BMP-2/CS/HA
layers. The layers became denser, which was due to that more
CS leaked into the petaling layers. Figure 3j showed the re-
sults of weighting method, and it can be seen that with the
increase of the thickness of HA layer and CS concentration,
the loaded CS amount was increased, consisting with the
cross-section morphologies.

The results of surface roughness and hydrophilicity of dif-
ferent coatings were shown in Fig. 4. Surface roughness of
BMP-2/CS/HA/TiO2 was smaller than that of HA/TiO2, and
with the increase of CS concentration, surface roughness de-
creased gradually. However, there was a little increase in the
roughness of BMP-2/CS/HA/TiO2 surfaces treated by MAO
with different parameters, which may be due to the increased
surface roughness of HA/TiO2 (not shown here). For BMP-2/
CS/HA/TiO2 surfaces with different CS concentration, as
there were still many pores and petals not covered by CS,
and there were large amount and degree of fluctuations, the
surfaces still kept a high degree of roughness. Hydrophilicity
is an important factor that can influence the biological prop-
erties of implant materials. In general, good hydrophilicity
could facilitate a surface to adsorb serum proteins, which is
also influenced by the roughness and composition of the sur-
face. It could be observed that the HA/TiO2 surfaces

Fig. 2 surface morphology of MAO-1 (a), MAO-2 (b), MAO-3 (c),
3BMP-2/1CS/MAO-1 (d), 3BMP-2/1CS/MAO-2 (e), 3BMP-2/1CS/
MAO-3 (f), 3BMP-2/0.5CS/MAO-3 (g), 3BMP-2/3CS/MAO-3 (h) and
3BMP-2/4CS/MAO-3 (i)
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respectively showed water contact angles of about 21°, 15°
and 0° (Fig. S1). After loading CS on surfaces, the contact
angles increased to an extent, which may be due to the de-
crease of surface roughness that weakened the spreading of
water drops on surfaces, according to Wenzel model formula
(Wolansky and Marmur 1999). Surfaces with the different
thickness of BMP-2/CS/HA had similar water contact angles
of about 21.5°-24°. However, contact angles increased from
about 18° to 34° for surfaces loading CSwith concentration of
0.5–4 mg/ml, indicating the gradually decreased hydrophilic-
ity. But all the contact angles of samples mentioned above
were < 40°, suggesting good hydrophilicity. The good hydro-
philicity of BMP-2/CS/HA/TiO2 surfaces is due to that high
surface roughness was maintained and CS itself is a good

hydrophilic material which has many hydrophilic groups such
as -OH, -NH2 and NH3

+.

3.2 Bonding strength between the composite
coatings

The adhesive forces of the BMP-2/CS/HA coatings on Ti
surfaces were evaluated by scratch tests and SEMobservation,
and the results were shown in Fig. 5. Figure 5a, c and e
showed the scratch testing curves, and Fig. 5b, d and f showed
the morphology of the scratches. The morphology and high
magnification images indicated the trace that diamond indent-
er moved over through the composite layers. As the acoustic
and friction signals fluctuate, it is determined to be the loca-
tion of the critical load. First, the load and friction were low
when the diamond indenter just touched and moved through
BMP-2/CS/HA layers, therefore the acoustic signals were
steady, but this process was significantly longer on the thicker
layers than that on the thinner ones. During the process that
diamond indenter moved on the petal layers, the coatings be-
came dense, thinner and deformed gradually. When the load
was increased, at where the scratch trace reached 0.8, 1.9 and
2.9 mm approximately, the petals layer was peeled away from
the porous layer and meanwhile obvious changes in the fric-
tion and acoustic signals appeared. At this moment, the critical
loads followed by the bonding strengths between the petal
layers and porous layers were clear. As shown in Fig. 5a, c
and e, the bonding strength were recorded as about 16, 24 and
29.7 N respectively, indicating that the resistance of BMP-2/
CS/HA composite coatings to external friction and the bond-
ing strength between the BMP-2/CS/HA and TiO2 layers were

Fig. 3 Cross-sections of MAO-1 (a), MAO-2 (b), MAO-3 (c), 3BMP-2/
1CS/MAO-1 (d), 3BMP-2/1CS/MAO-2 (e), 3BMP-2/1CS/MAO-3 (f),
3BMP-2/0.5CS/MAO-3 (g), 3BMP-2/3CS/MAO-3 (h), 3BMP-2/4CS/
MAO-3 (i) and CS loading amounts of different coatings (j)

Fig. 4 The results of surface roughness and contact angles ofMAO-3 (a),
3BMP-2/1CS/MAO-1 (b), 3BMP-2/1CS/MAO-2 (c), 3BMP-2/1CS/
MAO-3 (d), 3BMP-2/0.5CS/MAO-3 (e), 3BMP-2/3CS/MAO-3 (f) and
3BMP-2/4CS/MAO-3 (g)

�Fig. 5 Nick curves, the scratch’ s microscopy and magnification of
3BMP-2/1CS/MAO-1 (a, b), 3BMP-2/1CS/MAO-2 (c, d) and 3BMP-
2/1CS/MAO-3 (e, f) marked with A, B, C, D

Biomed Microdevices (2019) 21: 8989 Page 6 of 14



both improved, which was due to the increased thickness of
BMP-2/CS/HA layers that improved the resistance to defor-
mation. The bonding strength could directly affect the stability

Fig. 6 Degradation amount of CS of the sample groups degraded for
different days

Fig. 7 BMP-2 released curves of different coatings
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of the implant material when applied in organisms. If the com-
posite coatings were peeled off from surfaces, the important
roles of BMP-2, CS and HA to enhance biological and anti-
bacterial properties would disappear.

3.3 Degradation of the CS containing composite
coatings

Figure 6 showed the degraded CS amount of different CS/HA/
TiO2 coatings after immersion in 0.025 mg/ml PBS-lysozyme
solution for different days. It can be seen that, the larger the CS
concentration, the thicker the composite layers, the larger deg-
radation rate and remanent CS amount on coating surfaces.
However, with the prolonging of the degradation time, the
degradation rate became slowly. In general, there are 4 steps
for the degradation of polymers: (1) swelling and hydration of
the polymer; (2) breakage of the ester bonds; (3) diffusion of
the soluble degradation products; (4) disappearance of the

polymer material chips. From the images of CS/HA/TiO2

coatings after degradation for 6 days (Fig. S2), it can be seen
that the CS amount in petal gaps decreased for all coatings and
the exposed area of HA petals increased, resulting in the in-
crease of surface roughness. And, the larger the CS concen-
tration, the larger the residual CS on surface. CS can endow
the coating with good antibacterial property, while the in-
crease of exposed HA petals and surface roughness could
induce the development of excellent biological property, but
the composite coating will lose the antibacterial effect when
CS degradation is completed.

3.4 In vitro BMP-2 release study

The release rates of BMP-2 from different BMP-2/CS/HA/
TiO2 coatings were investigated and compared, as shown in
Fig. 7. BMP-2 release behavior of all BMP-2/CS/HA/TiO2

coatings exhibited the sustained release with a biphasic release
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Fig. 8 Colony count of MAO-3
(a), 1CS/MAO-1 (b), 0.5CS/
MAO-3 (c), 1CS/MAO-2 (d),
1CS/MAO-3 (e), 3CS/MAO-3
(f), 4CS/MAO-3 (g) after cultur-
ing for 24 h, and the results of
optical technique of different
samples within 40 h culture (h)
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pattern, characterized by a fast release rate in the first week,
and then followed by a slow release rate in the next 3 weeks.
CS is a polymer material that can form covalent bond with
BMP-2 (Hsieh et al. 2017), so that BMP-2 can only be re-
leased gradually from the composite layer with CS degrada-
tion. It is obvious that the thicker the BMP-2/CS/HA layer, the
larger loading and releasing amount of the BMP-2, and the
longer release period can be maintained. Besides, the loading
and releasing amounts of BMP-2 can also be controlled by the
BMP-2 concentration. For BMP-2/CS/HA coatings with dif-
ferent CS concentrations, BMP-2 release amount from the
coatings gradually decreased and the release time was
prolonged, meaning better BMP-2 release behavior. What
worth noting is that although the degraded CS amount in-
creased with the increase of CS concentration, the released
BMP-2 amount decreased. The inconsistency may be due to
the different BMP-2 concentration in CS. When the HA/TiO2

samples were immersed in BMP-2/CS solutions, the BMP-2/

CS leaked into HA petal gaps and then dried with a certain
shrinkage of the volume. The lower the CS concentration, the
more volume contraction of the fluid BMP-2/CS inside the
petaling layer after drying, which led to higher BMP-2 density

Fig. 9 SEM images of MAO-3
(a), 3BMP-2/1CS/MAO-1 (b),
3BMP-2/1CS/MAO-3 (c),
3BMP-2/3CS/MAO-3 (d),
3BMP-2/4CS/MAO-3 (e), XRD
spectra (f) and FTIR spectra (g) of
different specimens after im-
mersed in SBF for 12 days

Table 2 EDS results of different specimens before and after immersion
in SBF solution (At. %)

Sample Ca P C N Ti O

MAO-3 21.72 14.21 4.86 0 0.05 59.16

MAO-3/12 days 27.92 16.16 5.34 0 0 50.58

BMP-2/1CS/MAO-1 15.97 10.01 7.74 3.6 0.97 61.72

BMP-2/1CS/MAO-1/12 days 19.64 12.24 5.47 1.28 0.49 60.88

BMP-2/1CS/MAO-3 20.10 11.24 9.69 1.28 0.13 57.15

BMP-2/1CS/MAO-3/12 days 23.56 14.05 5.80 0.28 0 54.30

BMP-2/4CS/MAO-3 17.06 11.90 12.75 1.98 0.04 56.26

BMP-2/4CS/MAO-3/12 days 20.77 12.79 7.90 3.24 0.03 55.27
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distributed in CS and easier release of the BMP-2 from the
composite coatings.

3.5 Antibacterial activity evaluation

The antibacterial effect was evaluated by bacterial counting
method and optical technique, as shown in Fig. 8. It can be
seen that the percent reduction of E. coli for 1CS/MAO-1,
1CS/MAO-2 and 1CS/MAO-3 were approximately 70%,
85% and 95%, suggesting the improved antibacterial activity,
which was because of the increased loading amount of CS. In
contrast, E. coli cells multiplied vigorously on HA/TiO2 coat-
ings. In addition, the percent reduction of E. coli for 0.5CS/
MAO-3, 3CS/MAO-3 and 4CS/MAO-3 were approximately
90%, 99% and 100% after incubation for 24 h, indicating that
the antibacterial activity of CS/HA/TiO2 can be enhanced by
increasing the concentration of CS solution. This is also be-
cause of the increased loading amount of CS. It has been
reported that the antibacterial mechanism of CS is due to the

positive charge on CS surface, which was got by dissolving in
an acid solution. The positive ions can easily adsorb the neg-
atively charged E. coli, and then form a dense polymer mem-
brane on the surface of cells, preventing the transport of nu-
trients to cells and the discharge of physiological metabolic
wastes, causing the metabolic disorders of bacteria and affect-
ing the growth and reproduction of bacteria (Mohamed et al.
2017; Liu et al. 2015; Liu et al. 2007). Moreover, protonated
amino groups can also lead to disordered distribution of neg-
ative charges on cell membranes and cell walls, which makes
it difficult for bacteria to form cell walls when they grow and
then reduce the bacterial proliferation rate. The antibacterial
effect of CS/HA/TiO2 coatings was also confirmed by the
optical technique. The absorbance value of the vertical axis
represented the number of bacterial colonies. It showed that
the absorbance value of HA/TiO2 coating (MAO-3) was the
highest, meaning no antibacterial activity. As CS was intro-
duced to the surface, the absorbance value decreased, indicat-
ing that the antibacterial ability was endowed. With the in-
creased thickness of the CS/HA layer and the concentration
of CS solution, the absorbance value of CS/HA/TiO2 coatings
decreased, meaning gradually improved antibacterial ability.

3.6 Bioactivity evaluation

Figure 9a-e showed the surface morphology of HA/TiO2 and
BMP-2/CS/HA/TiO2 coatings after immersion in 1.5 SBF for
12 days. It can be seen that after immersion, new substances
grew entirely on all surfaces and there was no obvious differ-
ence among the surfaces in Fig. 9a-e, which were proved to be
bone-like apatite (HA) seen in Fig. 9f. This is because the
BMP-2/CS/HA/TiO2 surfaces still remain large surface rough-
ness and the HA area exposed outside, and they were further
enlarged with the degradation of CS during immersion period.
HA has been well known to have good bioactivity, and sur-
faces with large roughness have large specific surface area,
which both benefit the deposition of Ca2+, OH−, PO4

3− and
HPO4

2− groups to form apatite on surface. In addition, the
energy in depression of rough surface is large, which can
reduce the increment of surface energy caused by the forma-
tion of new phase (HA). The peak of CS in XRD pattern
became weak and widen, suggesting a degradation occurred
during immersion period. Figure 9g showed FTIR spectra of
HA-3 and BMP-2/1CS/HA-3 before and after immersion. It
can be seen that, the strength of peaks at 558, 602 and
1032 cm−1 increased after immersion, indicating that the con-
tent of PO4

3− groups on surface increased and HAwas formed

Fig. 10 CCK-8 results of different samples after co-cultured with
MC3T3-E1 cells for 1 and 4 days

�Fig. 11 Cells morphology onMAO-3 (a), 1CS/MAO-1 (b), 1CS/MAO-2
(c), 1CS/MAO-3 (d), 0.5CS/MAO-3 (e), 3CS/MAO-3 (f), 4CS/MAO-3
(g), 3BMP-2/1CS/MAO-1 (h), 3BMP-2/1CS/MAO-2 (i), 3BMP-2/1CS/
MAO-3 (j), 2BMP-2/1CS/MAO-3 (k), 1BMP-2/1CS/MAO-3 (l) and
3BMP-2/4CS/MAO-3 (m) cultured for 1 day
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on BMP-2/CS/HA surface. However, the composite absorp-
tion peak of hydroxyl and amino at 3390 cm−1 and the amino
peak at 1573 cm−1 became widened and weakened, and the
peak moved towards high wave number direction, indicating
that CS degraded during immersion period and the reaction
with HA became weakened. Besides, the number of CH bond
decreased, also suggesting the degradation of CS in SBF so-
lution. The formed HA distributed on the whole surfaces re-
vealed that the CS film is also conducive to apatite formation.
It has been widely reported that a large number of -OH and -
CONH2 groups in CS have a strong interaction with Ca2+

(Zhang et al. 2013), thus effectively promote the deposition
of apatite in SBF. Moreover, the protonated -NH2 in CS can
also induce PO4

3− depositing on the surface and consequently
locate Ca2+, leading to the formation of HA crystal nucleus on
CS film (Bodhak et al. 2009; Baskar et al. 2011). Table 2
showed the element composition of the different coatings. It
can be seen that after soaking in 1.5 SBF for 12 days, the
content of Ca and P of the surfaces increased significantly,
and the Ca/P ratio is 1.73, 1.60, 1.68 and 1.62 respectively,
close to 1.67, confirming that the new substances formed on
coating surfaces were HA and all the surfaces have good bio-
activity, which was consistent with the surface morphology of
Fig. 9a-e.

3.7 Biocompatibility evaluation

Cell proliferation on the specimens was assessed by CCK-8,
and the results were shown in Fig. 10. The high OD value
means a higher cell proliferation on specimen surface.
During the experimental period, the cell number on all sur-
faces increased. We can see that the cells proliferated much
faster on the BMP-2 immobilized coating surfaces than on
HA/TiO2 and CS/HA/TiO2 surfaces, and the OD value was
almost directly related to the released BMP-2 amount, sug-
gesting the strong effect of BMP-2 on cells proliferation. And
it can be controlled by the thickness of BMP-2/CS/HA layers
and BMP-2 concentration. Besides, the BMP-2/CS/HA/TiO2

surfaces still maintains large surface roughness and exposed
HA area, which are both important factors that can also facil-
itate the growth and proliferation of the cells on surface (Wang
et al. 2017; Budiraharjo et al. 2012; Cai et al. 2011). What’s
more, evidence mounted supporting the idea that hydroxyl
groups, which were existed in both HA and CS, were partic-
ularly stimulatory to cell adhesion and proliferation. For HA/
TiO2 and CS/HA/TiO2 coatings, the cells proliferated faster on
the HA/TiO2 surfaces than those on most CS/HA/TiO2 sur-
faces, and the cell number on CS/HA/TiO2 coatings decreased
with the increase of CS concentration. However, with the in-
crease of CS concentration, the surfaces still kept high cells
proliferation rate, which was due to the increased surface
roughness and exposed HA after the degradation of CS.
Besides, it has been reported that surface with water angle of

20°-40° is the most beneficial for cells adhesion, spreading
and proliferation on surface (Tang et al. 2014), which is a
favourable factor to explain the good biocompatibility of
CS/HA.

Figure 11 showed the morphology of MC3T3-E1 cells cul-
tured on different surfaces for 1 day (The cells were pointed
out with black arrows). It can be seen that MC3T3-E1 cells
can grow well on all surfaces, and cells showed a typical
polygonal osteoblastic shape and there were many finger-
like protrusions and filopodia stretching out from the cell bod-
ies. Obviously, more cells adhered on BMP-2 immobilized
surfaces and cells grew larger and connected each other with
more pseudopodia, and there was no difference among the
surfaces immobilized with different BMP-2, indicating the
strong inductive effect of BMP-2 on cells adhesion and
spreading on surfaces. For HA/TiO2 and CS/HA/TiO2 sur-
faces, no significant difference in cell morphology can be
observed. Cells on these surfaces grew well with a lot of
pseudopodiums stretching from cells bodies, confirming ex-
cellent biocompatibility.

Based on the above results, it was known that, petal-like
HA layers with different thickness were prepared on Ti sur-
faces by increasing the applied current and oxide time, and the
many micro-gaps in petaling HA coatings can be convenient
carriers for drugs and biomaterials to endow the surface with
comprehensive or specific performance. It was the first time to
find that the good antibacterial activity against E. coli can be
achieved by increasing the loading amount of CS on surface,
and the increased CS amount can be obtained through increas-
ing the thickness of HA layer and the CS concentration. In this
work, 3BMP-2/4CS/HA-3 had the optimal performance, be-
cause the maximum amount of CS and BMP-2was introduced
to the surface of this sample and it has the best BMP-2 release
behavior, which made the sample have the best antibacterial
and biological properties when compared with the other sam-
ples, and the improved properties can maintain for a longer
time than the other samples. In addition, the excellent biocom-
patibility and bioactivity may also be related to its high surface
roughness and suitable hydrophilicity.

4 Conclusion

In this work, CS/HA/TiO2 and BMP-2/CS/HA/TiO2 coatings
were prepared on Ti surfaces. The micro-structure, CS loading
and releasing amount, BMP-2 release behavior, antibacterial
activity and biological properties can be improved through the
proper control of the thickness of HA layer, BMP-2 and CS
concentrations. The thicker the HA coating, the larger the
loading and releasing amount of BMP-2 and CS, which also
improved bonding strength between the BMP-2/CS/HA and
porous TiO2 layers, improved the release behavior of BMP-2,
antibacterial and biological property of the surface coatings. In
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addition, with the increase of CS concentration, the CS load-
ing and degrading amounts, antibacterial activity and BMP-2
release behavior were also enhanced, and meanwhile main-
taining the good biological properties. BMP-2 can significant-
ly improve the biocompatibility of all CS/HA/TiO2 surfaces,
and its loading amount and release behavior can be controlled
by the thickness of HA layer and BMP-2 concentration.
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