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To be better used as implant materials in bone graft substitutes, bioactivity and osteogenesis of nano-
hydroxyapatite (nano-HA) need to be further enhanced. Inspired by adhesive proteins in mussels, here
we developed a novel bone forming peptide decorated nano-HA material. In this study, nano-HA was
coated by one-step pH-induced polymerization of dopamine, and then the peptide was grafted onto
polydopamine (pDA) coated nano-HA (HA-pDA) through catechol chemistry. Our results demonstrated
that the peptide-conjugated nano-HA crystals could induce the adhesion and proliferation of MG-63

ﬁ?;l V;?l:‘;;mxyapa ite cells. Moreover, the highly alkaline phosphatase activity of the functionalized nano-HA indicated that the
Peptide grafted peptide could maintain its biological activity after immobilization onto the surface of HA-pDA,

especially at the concentration of 100 wg/mL. These modified nano-HA crystals with better bioactivity
and osteogenic differentiation hold great potential to be applied as bioactive materials in bone repairing,
bone regeneration and bio-implant coating applications.

Polydopamine
Bioactivity
Osteogenic differentiation

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that bone is made up of collagen and nano-
hydroxyapatite (nano-HA) in the form of needle-like or rod-like
shapes [1]. Due to its good osteointegration, bone-binding prop-
erty and biostability [2,3], HA biomaterial has drawn great interest
in clinic, for example, as artificial bone and coatings on titanium
prostheses surface. However, HA particles or wear debris from HA
coating can cause inflammatory reactions, especially for the nano-
size particles [4,5]. Nanosize HA was also reported to inhibit the
growth of osteoblasts in a concentration-dependent manner. Xu

* Corresponding author at: 2nd Dental Center, School and Hospital of Stomatol-
ogy, Peking University, Beijing 10081, China. Tel.: +86 1082196271;
fax: +86 1082196271.

** Corresponding author at: School and Hospital of Stomatology, Peking University,
No. 22 Zhong-Guan-Cun South Road, Hai-Dian District, Beijing 100081,
China. Tel.: +86 10 82195780; fax: +86 10 82195780.
E-mail addresses: tang_zhihui@live.cn (Z. Tang),

sc-wei@pku.edu.cn, weishicheng99@163.com (S. Wei).

T Both these authors contributed equally to this work.

0927-7765/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.colsurfb.2013.05.037

et al. reported that the apoptotic and inhibition ratios of osteoblasts
were rising with increasing of nano-HA concentration [6], and
the similar results were found by Motskin and Fu et al. [7,8]. If
osteoblasts die on the surface of implants because of the presence
of nano-HA debris, the new bone will hardly be generated. There-
fore, it is still critical to decrease and even eliminate the inhibition
and apoptosis caused by nano-HA.

Many efforts have been devoted to HA modification to promote
osteoblast adhesion, reduce infection rates and accelerate bone
forming [9,10]. Such goals could be partially reached by activat-
ing the surface via plasma treatment [11]. Another method is to
modify the surface with bioactive macromolecules. Extracellular
matrix (ECM) proteins, including collagen [12], fibronectin [13],
peptides [14] and bone morphogenetic proteins (BMPs) [15], have
been actively investigated to improve the bioactivity of implant
materials. Diverse approaches including physical adsorption and
chemical covalent conjugation have been applied to immobilize
ECM proteins or peptides onto implant material’s surface. Phys-
ical adsorption is a simple process, however, simply adsorbed
molecules are often released with a burst in the initial stage.
Chemical conjugation is more effective for prolonged periods of
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time, allowing successive regulation of cell behaviors [16]. How-
ever, typical chemical conjugation methods require multistep,
complicated procedures such as surface activation or function-
alization steps requiring plasma or chemical treatments [17,18].
Furthermore, denaturation of bioactive molecules by toxic chem-
icals and multiple reaction steps may be an additional issue to be
addressed, which restricts its applications in clinic [19].

BMPs are the most potent growth factors for enhancing bone
formation [20,21] and are also reported to be involved in various
biological processes, including cell differentiation, proliferation,
and migration [22,23]. Especially, BMP-7 has been proven to play
a crucial role in modulating osteogenic differentiation and pro-
liferation at the biomaterial-tissue interface and in promoting
osseointegration [24,25]. Nevertheless, the complex multilevel
structure of BMPs renders them prone to degradation, and they
tend to lose their bioactivity quickly in physiological conditions
[26]. A short functional peptide derived from BMPs has the
potential to increase the efficacy of BMP delivery. Recently, Kim
demonstrated that a new bone forming peptide sequence (GQGF-
SYPYKAVFSTQ) from BMP-7 had more osteogenic activity than
BMP-7 and induced osteogenesis [24].

Dopamine (DA), a mussel inspired molecule, could undergo
self-polymerization and adhere onto almost any solid surface
in alkaline solution without surface pretreatments [19,27,28].
More importantly, polydopamine (pDA) coating can function as
anchors to graft the secondary functional biopolymers by thiols and
amines via Michael addition or Schiff base reactions [27]. Recently,
researchers have devoted to develop a facile coating method based
on dopamine to immobilize nano-HA coating on implants materi-
als to improve osteointegration, such as titanium and polyglycolic
acid, and they have achieved the promising osteogenic results
for bone tissue engineering [29,30]. However, the puzzling prob-
lem, that nano-HA particles or wear debris from HA coating cause
inflammatory reactions, has not yet been resolved. To this end,
decreasing and eliminating the inhibition and apoptosis of nano-
HA on the osteoblasts are desired. Herein, in the study, we present
a novel peptide decorated nano-HA crystals with enhanced bioac-
tivity and osteogenic differentiation ability for the first time. In
the method, nano-HA was coated by a pDA layer, and then the
new bone forming peptide was grafted onto pDA functionalized
nano-HA through catechol chemistry. Fourier transform infrared
spectrometry (FT-IR) and X-ray photoelectron spectroscopy (XPS)
showed that the peptide was successfully grafted onto the surface
of nano-HA. The effects of the peptide functionalized HA on cell via-
bility and apoptosis were investigated. Moreover, the osteogenic
differentiation activity of the decorated nano-HA was also stud-
ied. The presented facile and green method confers the poorly
bioactive nano-HA crystals with both enhanced bioactivity and
osteogenic differentiation, and the new modified nano-HA holds
great potential for bone graft substitutes and bio-implant coating
applications.

2. Materials and methods
2.1. Materials

3,4-Dihydroxyphenylamine was purchased from Sigma (St.
Louis, USA). To facilitate chemical conjugation onto material’s
surface, peptide was modified at its N-terminal with a lysine-
containing spacer. The peptide [KGGQGFSYPYKAVFSTQ sequence],
provided by Chinapeptides Co., Ltd. (Shanghai, China), was syn-
thesized by a batchwise fmoc-poly-amide method to more than
98% purity. Tris-HCl was purchased from Aladdin reagent Co., Ltd.
(Shanghai, China). Ca(NO3),-4H,0, (NH4 ), HPO4 and NH3-H, 0 were
provided by Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).

All other chemicals were of analytical reagent grade and were used
as received unless noted. All aqueous solutions were prepared with
de-ionized water (D.I. water).

2.2. Synthesis of nano-HA

Firstly, Ca(NOs3), and (NH4),HPO4 were dissolved in D.I. water
separately according to a Ca/P molar ratio of 1.67/1. The pH of each
solution was adjusted to 10 by adding ammonia. Then, Ca(NO3),
solution was dropped into (NH4);HPO4 solution with continuous
stirring. Crystal growth occurred when kept at 60 °C for 8 h, and the
pH value of the supernatant was maintained in the range of 10-10.5
using ammonia. After reaction, HA slurry was kept at room tem-
perature for 24 h, and the precipitate was obtained after washing
with D.I. water and ethanol. Finally, HA precipitation was treated
hydrothermally at 140°C under 0.3 MPa for 20 h in an autoclave.
After hydrothermal treatment, the nano-HA particles were rinsed
with D.I. water and dried in an oven at 60°C for 12 h.

2.3. Preparation of peptide functionalized nano-HA

pDA coated HA crystals (HA-pDA) were synthesized accord-
ing to the following method: 500 mg nano-HA was immersed into
1L dopamine solution (2 mg/mL in 10 mM Tris-HCl, pH 8.5) and
treated by sonication for 30 min. The mixture was stirred vigorously
for 12 h at 60°C, and then the reaction was stopped by centrifuga-
tion at 6000 x g for three times, followed by dialysis in D.I. water
for 2 days to remove the unattached dopamine molecules.

The peptide functionalized nano-HA was prepared as following:
10 mg HA-pDA was added into 20 ml peptide solution (1 x PBS) with
different concentration (0.1, 0.5 and 1 mM) by a mild sonication for
10 min. Then the peptide grafting reaction was carried out at 25°C
for another 24 h with vigorous stirring. After that, the solution was
centrifuged and thoroughly washed with D.I. water at 10,000 x g
for three times, and dialyzed in D.I. water for two days to make
sure that physically adsorbed peptide was removed completely.
According to the different concentrations of peptide solution (0.1,
0.5 and 1 mM), the obtained decorated nano-HA was named as HA-
0.1pep, HA-0.5pep and HA-1pep, respectively.

2.4. Morphology and structure characterization

Microstructural characterization was carried out using Tecnai
F20 transmission electron microscope (TEM) with an accelerating
voltage of 200KkV. Selected area electron diffraction (SAED) and
Energy dispersive X-ray spectroscopy (EDX) were also recorded
using the same equipment. The crystalline phase of the prepared
powders before and after pDA coating were examined by X-ray
diffraction (XRD, Shimadzu, Japan) using a Cu target as radia-
tion source (A=1.540598 A) at 40kV. The diffraction angles (26)
were set between 20° and 60°, incremented with a step size of
4°min~!. Thermo-gravimetric studies (TG, Q600, USA) were car-
ried out to determine the actual yield of pDA on the surface of
HA, and approximately 5 mg powders were heated from 25°C to
900°C with a heating rate of 10°C/min under a nitrogen atmo-
sphere. Fourier transform infrared spectrometry (FT-IR, Magna-IR
750, Nicolet, USA) was used to identify the functional groups of
the samples, recorded from 400 cm~! to 4000 cm~!. Raman mea-
surement was performed at 633 nm by using a Raman Imaging
Microscope System (Renishaw 1000) in a backscattering geometry.
X-ray photoelectron spectroscopy (XPS, AXIS Ultra, Kratos Analyt-
ical Ltd.) was employed to identify the chemical constituent and
elemental state of prepared nano-HA. The binding energies were
calibrated by the C1s peak at about 285 eV. Zeta potential measure-
ments of the aqueous dispersions for the pristine nano-HA, HA-pDA
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Scheme 1. Schematic illustration of preparation of the peptide decorated nano-HA by pDA coating and its ALP assay. The possible pDA chemical structure as well as the

suggested reaction mechanism is also shown.

and the peptide grafted nano-HA were performed using Zetasizer
ZS90 (Malvern Instruments Ltd., UK).

2.5. Cell culture

Human osteoblast-like MG-63 cells (American Type Culture Col-
lection, VA, USA) were cultured in a-Modified Eagle’s Medium
(Gibco, Carlsbad, CA) containing 10% fetal calf serum (Gibco),
100 pg/mL streptomycin (Amresco, Cleveland, USA)and 100 pg/mL
penicillin (Amresco) at 37 °Cin a humidified atmosphere of 5% CO,.

2.6. Cell viability assay

Viability of MG-63 cells was assessed using the cell count-
ing kit-8 assay (CCK-8, Dojindo). After cell counting, MG-63 cells
were seeded in 96-well plates (Costar, USA) at a density of 5 x 103

cells/well. After seeding 24 h, cells were rinsed with PBS buffer, and
exposed to different functionalized nano-HA powders (100 j.g/mL)
and various concentrations (5, 10, 50, 100 and 500 p.g/mL) of pris-
tine nano-HA and HA-1pep. The control groups involved the use of
DMEM medium as negative control and 10% DMSO DMEM medium
as positive control. After incubating for 1, 3, 5 days, respectively,
10 pL of CCK-8 was added into each well for 4h incubation. Then
80 L of supernatant from each well was transferred to new 96-
well cell culture plates. The absorbance value of supernatant optical
density (OD value) was measured with a microplate reader (Model
680, Bio-Rad, CA).

2.7. FE-SEM observation of cells

MG-63 cells at 1 x 10* cells/mL were cultured on acid treated
cover slips. The morphologies of MG-63 cells co-cultured with
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Fig. 1. Typical TEM images of pristine nano-HA (a), pDA (b), HA-pDA (c) and HA-1pep (d). The inset (a) shows the selected area electron diffraction (SAED) patterns of

nano-HA.

different nano-HA were observed using a field emission scanning
electron microscope (FE-SEM, 1910FE, Bedford, MA) after 3 days
culture. All samples were fixed in 2.5% glutaraldehyde solution
for 1h and then dehydrated with graded ethanol solutions for
scanning electron microscope testing. Dehydrated samples were
dried by a vacuum dryer before sputter-coating with gold using a
sputter coater.

2.8. Immunofluorescence

MG-63 cells at 1 x 10* cells/mL were cultured on acid treated
cover slips. After 5 days, cells were washed with PBS and fixed with
4% (w/v) paraformaldehyde in PBS for 15 min at room tempera-
ture. The samples were then washed with PBS and permeabilized
with 0.1% (v/v) Triton X-100 (Sigma) for 5 min, before being incu-
bated with 1% bovine serum albumin/PBS at 37°C for 30 min to
block nonspecific binding. This was followed by adding 5 wg/mL
FITC-phalloidin (Molecular Probes, Eugene, OR) to stain MG-63 cells
for 30 min. After washed with PBS, samples were incubated for
5min at room temperature with 10 pg/mL DAPI (Sigma-Aldrich).
The stained signals in the cells were observed by a fluorescent
microscopy (Carl Zeiss, Oberkochen, Germany). The number of
adherent cells was determined by counting the number of nuclei
at projected area (magnification 100x), and stained images were
obtained from five different areas per sample (n=3).

2.9. Apoptosis analysis

Cell apoptosis was analyzed by flow cytometry using an Annexin
V-FITC apoptosis detection kit (Beyotime, Shanghai, China). MG-63
cells were cultured in 24-well plates at 5 x 10* cells/mL for 5 days.
Then cells were digested with 0.05% pancreatic enzyme for 3 min.
The digested cells were washed with the collected culture medium,
and then suspended in PBS buffer. Cells were stained with the apo-
ptosis detection kit according to the manufacturer’s instructions.
Briefly, the cells from each sample were suspended in 195 pL of
Annexin V-FITC binding buffer, and 5 L of Annexin V-FITC. The
cells were incubated at room temperature for 10 min. Each sample
was then centrifuged at 1200 x g for 4 min, re-suspended in 190 p.L
of binding buffer and 10 pL of propidium iodide working solution

was added. Then the samples were analyzed by a FACSCalibur (Bec-
ton Dickinson, NY, USA) flow cytometry with at least 10,000 events
recorded for each condition.

2.10. Alkaline phosphate activity (ALP) assay

Alkaline phosphatase (ALP) activity of MG-63 cells was eval-
uated by an assay reagent kit (Nanjing Jiancheng Bioengineering
Institute, China). At the end of the incubation, cells were exposed
to the different functionalized nano-HA powders (100 p.g/mL)
and various concentrations (5, 10, 50, 100 and 500 pg/mL) of
the pristine nano-HA and HA-1pep samples for 7 days. Briefly,
the supernatant was removed and 100 pL of lysis solution (1%
TritonX-100) was added into each well and incubated for 1 h. After-
wards, 30 L of MG-63 cell lysates at each well was transferred to
new 96-well cell culture plates, and cultivated with 50 pL of car-
bonated buffer solution (pH 10) and 50 p.L of substrate solution
(4-amino-antipyrine) at 37 °C for 15 min. Then 150 p.L of potassium
ferricyanide was added into the above solution, and the production
of p-nitrophenol was determined by the absorbance at 405 nm. For
normalization, the total protein concentration was measured by a
Bicinchoninic Acid (BCA) protein assay kit (Beijing Biosea Biotech-
nology, China). Thus, alkaline phosphatase activity was normalized
and expressed as the total protein content (U/gprot).

2.11. Statistical analysis

All data were expressed as mean standard deviations of a rep-
resentative three similar experiments carried out in triplicate.
Statistical analysis was performed with Origin software. Student’s
t-test was used to determine the significant differences among the
groups, and p-values less than 0.05 were considered statistically
significant.

3. Results and discussion

In this study, a facile biomimetic method was used to prepare
a novel peptide decorated nano-HA with high bioactivity and
osteogenic differentiation activity as schemed in Scheme 1. Briefly,
HA nanocrystals were prepared via wet co-precipitation followed
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Fig. 2. XRD patterns (a), TG profiles (b) and Raman spectra (d) of the pristine HA and HA-pDA; FT-IR spectra (c) of the peptide, pristine nano-HA, HA-pDA and HA-1pep; XPS
wide spectra (c) and high-resolution spectra of nitrogen peaks (N1s) (d) of all samples. (For interpretation of the references to spectra in figure legend, the reader is referred

to the web version of the article.)

by hydrothermal treatment [31]. Then, the nano-HA was coated
spontaneously by the formed pDA layer at pH 8.5 and 60°C to
obtain pDA coated HA (HA-pDA). The BMP-7 derived bone form-
ing peptide was grafted onto the HA-pDA nanocrystals through the
catechol chemistry, of which the thiols and amines of the biopoly-
mers could react with the oxidized catechol groups via the Michael
addition or Schiff base reactions.

3.1. Morphology analysis using TEM

The morphologies of the pristine nano-HA and the deco-
rated HA nanocrystals were observed by TEM. Fig. 1a shows the

typical rod-like particles, which is the characteristic structure of HA
after hydrothermal treatment [32]. The lattice orientation of the
HA nanoparticles in the HRTEM image is shown in Fig. S1a, with
an interplanar distance of 0.281 nm, corresponding to the (211)
planes of the HA hexagonal structure. To further verify the chemical
composition of nano-HA, selected area electron diffraction (SAED)
patterns and EDX analysis were carried out. The observed strong
concentric ring patterns (the inset in Fig. 1a) could be assigned to
the (002), (211) and (222) planes of HA, respectively. The Ca/P
ratio of HA determined by EDX analysis (Fig. S1b), was about 1.65,
slightly lower than the stoichiometric ratio of Ca/P in HA (~1.67).
The typical TEM micrograph of pDA is shown in Fig. 1b. Quantities
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of small spherical particles with the diameter of about 100-150 nm
were seen. However, after coating pDA on HA surface, rod-like par-
ticles attached with distorted pDA spherical particle, and some
clusters of HA particles appeared as displayed in Fig. 1c due to
strong interfacial adhesion effect of pDA [27,28]. All samples were
treated ultrasonically before TEM observation in our study. How-
ever, it was found that HA particles were less scattered out of the
pDA layer, indicating a strong interaction between the HA particles
and pDA. We could also observe that the images of the functional-
ized HA-1pep were clusters, similar to HA-pDA.

3.2. Chemical structure characterization

The phases of the as-prepared powders before and after pDA
coating were investigated by XRD. The Bragg diffraction peaks of the
pristine nano-HA, shown in Fig. 2a, matched quite well with those
of the pure HA (PDF # 09-0432) at 26 values of 25.8°, 31.7°, 32.9°,
46.7° and 49.5°, which were indexed to be (002), (211), (300),
(222)and (213) planes, respectively [33,34]. Moreover, after pDA
coating, the characteristic peak of HA did not change, indicating that
pDA coating did not alter the crystallographic structure of nano-HA

Thermal decomposition residue of pDA absorbed on the surface
of HA can be identified by a weightloss. The TG profile in Fig. 2b indi-
cated a dramatic 64.2% weight loss of the pDA from 150 °Cto 500 °C,
and pure nano-HA suffered a very slow weight loss process from
room temperature to 900 °C. However, there was about 10% weight
loss for the pDA coated HA powders with a lower thermal degrada-
tion rate compared with that of pure pDA, which was attributed
to the decomposition of the grafted pDA. Due to the high ther-
mal stability of HA [35], the incinerated residue of pDA-HA mainly
consisted of HA. Therefore, after subtracting the water effect, the
composition of HA-pDA sample was estimated to be about 6.6 wt%
pDA and 93.4 wt% HA from the TG analysis.

The FT-IR spectra of the pristine HA and functionalized HA
powders are shown in Fig. 2c. The typical broad peaks of OH™
were observed at 3445cm~!, and the peaks at 1638cm~! were
also assigned to the absorbed H,0. Existence of CO32~ originat-
ing from atmosphere observed at around 1468, 1413cm™! (v3)
and 871 cm™! (v;), clearly showed carbonate-substituted HA for-
mation. The characteristic peak of PO43~ (v4) vibrations appeared
at 566cm~! along with other vq, v, and v3 phosphate peaks at
962, 467, 1096 and 1038 cm™!, respectively. Moreover, the typi-
cal peak of pDA could not be detected in FT-IR spectra of HA-pDA,

implying the extremely thin coating on the surface of nano-HA crys-
tals. However, the stretching band of phosphate at 1038cm~! in
the pristine HA shifted to 1034cm~! in HA-pDA sample, indicat-
ing the formation of strong interaction between the HA and the
pDA molecule. Nevertheless, after the grafting of peptide, two new
peaks at 1532 and 1369 cm~! showed up, which should be assigned
to the characteristic amide I (v—g) and the stretching vibration
of carboxyl groups of peptide. In addition, the intensity of peaks
was enhanced at about 1640 cm~! which might result from the
superimposed vibration of amide II (§y—g) and H,O. These results
indicated that the peptide was effectively covalently bonded on
pDA-functionalized nano-HA. To further identify the existence of
the pDA coating, Raman analysis was performed. For HA-pDA pow-
ders, the strong broad peaks at 1379 cm~! (stretching of catechol)
and 1565 cm~! (deformation of catechol) appeared after pDA coat-
ing [36,37] in addition to intrinsic HA peaks at 958 cm~! (Fig. 2d),
suggesting that pDA was successfully coated on HA powders.

To verify the results obtained from the FT-IR and Raman analysis,
XPS was applied to evaluate the detail chemical bonds formed on
the surfaces of the functionalized HA. As shown in Fig. 2e, the pris-
tine nano-HA exhibited carbon, oxygen, calcium, phosphorus peaks
as the main atomic elements, whereas nitrogen and sodium peaks
newly appeared in the XPS spectra for the peptide functionalized
HA samples. The appearance of nitrogen signal (N1s) in the high-
resolution narrow spectrum and their enhanced intensity with the
increasing of the peptide concentration on the surface of nano-HA,
indicated successful immobilization of the peptide. Furthermore,
an evident change in carbon bond composition observed in the
high-resolution narrow carbon spectra (Cl1s) clearly supported
these conclusions (Fig. S2a-c). The high-resolution C1s spectrum of
the pristine nano-HA was deconvoluted into three different curves.
The binding energies centered at 284.8 eV, 286.4eV and 289.0eV
were assigned to the carbon skeleton (—C—C—/—C—H—), hydroxyl
group (—C—OH), carbonyl group (—C=0), respectively, whereas a
broad peak —C—N— bond at about 285 eV was recorded on both
HA-pDA and HA-1pep samples, indicating the presence of pDA and
peptide. Additionally, after pDA coating, the intensity of the carbon
skeleton (—C—C—/—C—H—) decreased dramatically, and the peaks of
the hydroxyl, carbonyl group increased as shown in Fig. S2b. They
should be attributed to the catechol group of HA-pDA. Compared
with those of the HA-pDA, the peaks of the —C=0 and —C—N— for
the HA-1pep increased greatly in intensity due to abundant pep-
tide bond (—NH—C=0) (Fig. S2c and d). The zeta potentials of the
decorated HA were also measured. As shown in Table S1, the zeta
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Fig. 4. SEM images of MG-63 (a); adhesion morphology and actin cytoskeletal organization (green, labeled with FITC-phalloidin, counterstained with DAPI for nuclei in
blue) of MG-63 after incubation with pristine nano-HA and different nano-HA (b). Scale bar: 50 wm; (c) the number of adherent cells per projected area on the substrate. *
represents p <0.05. (For interpretation of the references to color in figure legend, the reader is referred to the web version of the article.)
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potentials improved greatly after grafting peptide, which might be
resulted from the successful decoration of the polar charged pep-
tide.

3.3. Cell viability

In vitro biocompatibility of the peptide functionalized HA was
investigated using CCK-8 assay on MG-63 cells. As shown in Fig. 33,
it was clear that the viability of cells co-cultured with the bone
forming peptide functionalized HA displayed greatly statistical dif-
ferences to the pristine HA group for 1 day, 3 days and 5 days,
indicating that the peptide decorated HA could promote the cell
proliferation. In addition, the osteoblasts viability increased with
the increasing of the concentration of grafted peptide at 3 and 5
days, and the OD value of HA-1pep sample was about 1.9 times
more than the pristine HA at 5 days. This suggested that HA-1pep
strongly promoted the proliferation of MG-63 cells.

Moreover, the dose-dependent biocompatibility was tested
with the pristine HA and HA-1pep for 1 day, 3 days, and 5 days.
As shown in Fig. 3b, the pristine nano-HA presented an obvious
dose-dependent cell proliferation, and the cell viability decreased
with the increase of the nano-HA concentration in the range of
5-50 wg/mL, which were similar results to those reported by Xu
et al. work [6]. The OD value of cell viability showed the lowest
level under the concentration of 50 wg/mL. Nevertheless, at the
concentration of 100 pg/mL, the cell viability improved again, and
nano-HA was toxic at higher concentration of 500 pg/mL. It has
been reported that nano-HA could inhibit the growth and promote
the apoptosis of osteoblasts in a concentration-dependent manner
[7,8]. The same phenomenon was observed in HA-1pep sample.
However, when nano-HA was grafted with the peptide, the cell via-
bility was much higher than pristine nano-HA in the whole ranges.
Moreover, it was also noteworthy that HA-1pep at some concen-
tration has higher cell viability than negative control at 5 days.
These suggested that HA-1pep had clear advantages in vitro cell
proliferation over the pristine nano-HA.

3.4. Cellular morphology and cytoskeletal observation

Previous reports demonstrated that pDA coating could enhance
adhesion and survival of the cells [37,38] and promote the
osteogenic differentiation [36]. To examine the function of the
immobilized peptide on the pDA coated nano-HA, the next experi-
ments were to measure adherent cell number and observe adherent
morphology. Fig. 4a showed the numbers and morphologies of MG-
63 growing with the pristine nano-HA and different functionalized
nano-HA from SEM image. It could be seen that the cell num-
bers for HA-1pep groups were obviously enhanced compared to
those of pristine nano-HA, which confirmed a good proliferation
of HA-1pep, also shown from the optical microscope image (Fig.
S3). Moreover, at the high magnification, the presence of abundant
cellular filopodia demonstrated a better adhesion and spreading of
osteoblast-like cells for HA-1pep group. The fluorescence images
from Fig. 4b indicated that MG-63 showed limited spreading and
displayed filamentous morphology on the pristine nano-HA pow-
ders, and F-actin was poorly developed. However, in HA-pDA group,
MG-63 attached and spread more than the pristine nano-HA group,
indicating that pDA coating could enhance cell adhesion, in accor-
dance to previous reports. In comparison with the pristine nano-HA
and HA-pDA samples, much more MG-63 cells adhered onto the
bone forming peptide functionalized nano-HA group. Furthermore,
as cell adhesion was enhanced, MG-63 cultured with HA-1pep
group extended more adhered filopodia and spread more with vis-
ible presentation of more mature F-actin intracellular stress fibers
(Fig.4b).The number of adherent cells with HA-1pep group was sig-
nificantly more than that of pristine nano-HA and HA-pDA groups,
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Fig. 5. Percentages of apoptotic cells determined from flow cytometric analyses. *
represents p <0.05.

indicating that HA-1pep exhibited excellent in vitro cytocompati-
bility.

3.5. Apoptosis analysis

Apoptosis and death of MG-63 cells were further detected using
flow cytometry, with Annexin V-FITC/propidium iodide double-
staining of cells. When MG-63 cells were treated with the pristine
nano-HA and different functionalized nano-HA powders for 5 days,
significant changes were found between the groups. Typical two-
parameter figures for the flow cytometric analyses are shown in
Fig. S3. From the images, we could see that more cells were located
in B1 and B4 region for pristine nano-HA than other functionalized
HA powders, implying a number of cells possessed the situation of
early apoptosis and death. In addition, the extent of apoptosis was
quantitatively analyzed by Summit 5.0 software. The apoptosis rate
of nano-HA was measured to be 16.72% + 1.5%, which was obviously
higher than that of the functionalized nano-HA (Fig. 5). It was obvi-
ous that the apoptosis rate decreased as peptide concentration
increased on the surface of pDA coated HA. Significant statistical
differences between HA-1pep group and other groups, while little
statistical differences between HA-1pep treated group and negative
control group in apoptotic rates were noted in Fig. 5. These results
suggested that the peptide functionalized nano-HA, especially at
the peptide concentration of 1 mM, could prevent the apoptosis of
MG-63 cells, which was in accord with the results from CCK-8 and
cytoskeletal observation. There are several reports demonstrating
peptide-modulated adhesion of bone cells by immobilized peptide.
Chen et al. reported that a short peptide from BMP-7 enabled to
increase osteoblast proliferation due to peptide-integrin interac-
tion [39]. Balasundaram et al. has shown that anodised nanotubular
titanium (TiO,) bearing CKIPKASSVPTELSAISTLsYL peptides from
BMP-2 enhanced the adhesion of human fetal osteoblasts [40]. Our
results suggest that the combined effects of pDA and bone form-
ing peptide might greatly promote the biological activity of the
decorated nano-HA.

3.6. Alkaline phosphatase activity

In this paper, another goal is to present a general approach to
endow the prepared nano-HA with high osteogenic differentiation
activity to satisfy bone graft substitutes applications. Therefore, it is
essential to examine the osteoblastic phenotypic expressions of the
bone forming peptide grafted nano-HA. Alkaline phosphate (ALP) is
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Fig. 6. ALP activity of MG-63 cells after cultivating for 7 days, with the pristine nano-HA and decorated nano-HA (a), and with different concentrations of pristine nano-HA

and HA-1pep (b). *represents p <0.05.

an important feature of osteoblast cells expressed in their differen-
tiation phase and a significant quantitative marker of osteogenesis
at 7-14 days [41]. In vitro ALP activities of MG-63 cells cultivat-
ing with the functionalized nano-HA were evaluated. As shown in
Fig. 6, higher ALP activities have been obtained for MG-63 cells
cultured with the pristine nano-HA and functionalized nano-HA
than negative control. Additionally, the increased ALP expression
was detected with the increasing of the peptide concentration,
which indicated that the peptide functionalization of nano-HA with
bone forming peptide could further enhance the mineralization
and cell activation of the MG-63 cells. As mentioned above, the
bone forming peptide from BMP-7 has been reported to greatly
up-regulate biological markers during osteogenesis and enhance
osteogenic differentiation of bone cells [24,42], therefore facilitat-
ing the formation of bone. The excellent osteogenic property of
HA-1pep suggested that the grafted peptide remained its biological
activity after immobilized onto the surface of HA-pDA.

The dose-dependent osteogenic activity was also tested by
MG-63 cell cultured with different concentrations of the pris-
tine nano-HA and HA-1pep groups for 7 days. Clearly, positive
concentration-dependence properties could be observed. ALP
activity was low at both low and high concentration of the pris-
tine nano-HA and HA-1pep, because low concentration of powders
could not stimulate the differentiation of MG-63 cells, and high con-
centration would inhibit the cell proliferation and cause the death
of cell [7], as discussed in CCK-8 results. Nevertheless, higher ALP
activities were seen for the MG-63 cells cultured with HA-1pep
groups than the pristine nano-HA groups at each concentration.
Inconsistent with CCK-8 assay results, the osteogenic activity of
MG-63 increased from O to 50 pwg/mL. However, the cell viability
of MG-63 decreased with the increasing of the concentration of
HA-1pep at the range of from 0 to 50 pg/mL. Combining these two
factors, the 100 pwg/mL of the peptide decorated HA was beneficial
to both the viability and osteogenic differentiation of HA-1pep. As
a consequence, our innovative peptide decoration using mussel-
inspired pDA coating has endowed poorly bioactive nano-HA with
both outstanding in vitro bone bioactivity and biocompatibility
potential for bone repairing, bone regeneration, and bio-implant
coating applications.

4. Conclusion

In summary, a novel peptide decorated nano-HA crystals with
both enhanced bioactivity and osteogenic differentiation activity

was prepared: immobilization of dopamine on the surface of nano-
HA followed by one-step self-polymerization of dopamine, and
the tethering of the bone forming peptide derived from BMP-7
via catechol chemistry. Fourier transform infrared spectrometry
(FT-IR), X-ray photoelectron spectroscopy (XPS) and Zeta poten-
tial measurements confirmed that the peptide was successfully
grafted onto the surface of nano-HA. After 3 days incubation, the
peptide decorated nano-HA (HA-1pep) induced good in vitro cell
proliferation toward MG-63 cells, especially at the concentration
of 100 pg/mL. The immunofluorescence and apoptosis measure-
ments revealed that the peptide functionalized HA-pDA exhibited
excellent bioactivity. Moreover, biological activity of the grafted
peptide could be maintained after immobilizing onto the surface of
HA-pDA. Compared with the pristine nano-HA, the bone forming
peptide decorated nano-HA improved both cell proliferation and
cell differentiation in terms of the alkaline phosphatase activity.
We believe that this facile biomimetic method offers a promis-
ing strategy for the fabrication of biopolymer modified nano-HA
with immobilization of other osteogenetic or bioactive ligands,
such as hyaluronic acid, enzyme, DNA, heparin and so on. There-
fore, the biocompatible nano-HA with enhanced bioactivity and
osteogenic differentiation activity is a promising candidate for bone
graft substitutes and bio-implant coating applications.
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